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Theoretical study on the electronic state and the transport 







Large and non-saturating magnetoresistance (MR) of semimetals has attracted renewed 
interest since the report of the non-saturating and quadratic MR on WTe2. The interests are 
spread to unusual transport phenomena in topological semimetals, such as in WP2, LaBi, 
Cd3As, and NbP. A feature of these semimetals has the Dirac electron which has a linear 
dispersion and a nearly free hole which has quadratic dispersion. 
 
For the analysis of the experimental data of MR, the semi-classical formula based on the 
Boltzmann equation is useful. The widely used formula is derived for the free electrons which 
have quadratic dispersion, but the Dirac electron has the linear dispersion. It is not adequate 
that using the conventional formula for the analysis of the MR on Dirac electron systems. 
 
In order to clarify the property of MR in the semimetals with Dirac electrons, I studied 
the MR from the effective models of the Dirac electrons. First, the analytical formula of MR for 
the Dirac electron based on the Boltzmann theory is obtained and the existence of the 
correction which is specific to Dirac electrons revealed. Second, the MR for the semimetals in 
the quantum limit (QL) is discussed. By considering the magnetic field dependence of the 
carrier density, the obtained formula of MR for Dirac electrons quantitatively agrees with the 
calculation result based on the Kubo formula not only at weak magnetic fields but also in the 
QL. Third, we discussed the MR on bismuth in the QL. By using the obtained formula and 
considering the Landau levels of bismuth, we quantitatively explained the behavior of the MR 
for bismuth in the quantum limit. Fourth, the angle-dependence of MR is discussed. The MR 
formula for any Fermi-surface is renewed and the behavior of MR from the tight-binding model 
(TB) of bismuth and antimony. The theoretical result of bismuth is qualitatively consistent 
with the experimental data. It was revealed that the angle dependence of hole with TB on 
antimony and with the six ellipsoidal model are different. 
 
In this study, new findings were obtained on the relationship between the electronic state 
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4 ୈ 1ষ ং࿦ɿݚڀഎܠ
ਤ 1.1: ϏεϚεͷ࣓ؾ఍߅ʢB ∥Trigonal࣠ʣ[11]ɽ࣓ؾ఍߅͕ B ∼ 35TͰ஋͕๞࿨͢
























































6 ୈ 1ষ ং࿦ɿݚڀഎܠ
ਤ 1.2: ΞϯνϞϯͷϑΣϧϛ໘ͷ഑ஔ [16]ɽ֤ L఺ʹిࢠϑΣϧϛ໘ (e)͕Ұͭͣͭɼ
T఺ͷۙ๣ʹਖ਼޸ϑΣϧϛ໘ (h)͕̒ͭଘࡏ͢Δɽ࣮ݧσʔλͷղੳͰ͸ɼిࢠϑΣϧ
ϛ໘ͱਖ਼޸ϑΣϧϛ໘͸શͯପԁମΛԾఆ͠ɼిࢠϑΣϧϛ໘͸ Bisectrix࣠ʹରͯ͠-4◦
ʙ-7◦ [22–24]ɼਖ਼޸ϑΣϧϛ໘͸ Trigonal࣠ʹରͯ͠ 53◦܏͍͍ͯΔ [23, 24]ɽ












ґଘ dHvAΛཧ࿦తʹܭࢉ͢Δख๏Λ঺հ͠ɼਤ 1.2ͱਤ 1.3(a)ʹ͍ͭͯɼ֯౓ґଘ࣓ؾ



























= −eE − 1
τ
mˆ∗v (2.1)
10 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
m∗͸ిࢠͷ༗ޮ࣭ྔɼτ ͸؇࿨࣌ؒΛද͢ɽຊ࿦จͰ͸ɼςϯιϧྔʹ͍ͭͯ͸ mˆ∗ɼµˆ
ͷΑ͏ʹɼه߸ϋοτʢˆʣΛ༻͍Δɽқಈ౓ µˆΛ µij = eτm∗i
δij ͱ͓͖ɼࣜ (2.1)Λ vʹͭ
͍ͯղ͘ͱ
v = −µˆE +Ce− tτ (2.2)
ͱͳΔɽిྲྀ͸ɼे෼ʹ͕࣌ؒܦաͨ͠৔߹Λߟ͑Δ͜ͱ͔Β (t→∞)ɼୈೋ߲͸ແࢹͰ
͖Δɽిྲྀີ౓ j = −envʹࣜ (2.2)Λ୅ೖ͢Δͱɼ
j = enµˆE (2.3)
͕ಘΒΕΔɽj = σˆEΑΓɼిؾ఻ಋ౓ σ͸















͞Εͨ෼෍ؔ਺Λ f(r,k, t)ͱ͓͘ɽిࢠͷӡಈʹ͍ͭͯߟ͑ͯΈΔɽిࢠͷ଎౓ vkͱӡ






= F . (2.7)
࣌ࠁ tʹ࠲ඪ (r,k)Ͱ଎౓ vkͷӡಈΛ͢Δిࢠ͸ɼ࣌ࠁ t+ dtʹ (r′,k′) = (r+vkdt,k+
F
! dt)΁Ҡಈ͢Δɽݩʑ(r,k)ʹ͍ͨిࢠ͕ t+ dtʹ (r
′,k′)ʹҠಈ͢Δɽ͜ͷͱ͖ɼೋͭ
ͷ࠲ඪʹ͓͚ΔΩϟϦΞ਺͸౳͍͔͠Βɼ
f(r,k, t)drdk = f(r′,k′, t+ dt)dr′dk′ (2.8)
2.1. ༌ૹཧ࿦ 11
͕ຬͨ͞ΕΔɽdrdk, dr′dk′͸Ґ૬ۭؒͷ࠲ඪ (r,k), (r′,k′)ۙ๣ͷඍখମੵΛͦΕͧΕද
͢ɽϦϡʔϏϧͷఆཧ͔Βɼdrdk = dr′dk′͕੒ཱ͢ΔͷͰɼ্ࣜ͸ɼ






r + vkdt,k +
F
! dt, t+ dt
)























vk ·∇rf + F! ·∇kf +
∂f
∂t




∇rf = 0Ͱ͋Δɽ·ͨɼఆৗঢ়ଶʹ͓͍ͯ ∂f/∂t = 0Ͱ͋ΔͷͰɼϘϧπϚϯํఔࣜ͸ɼ
࣍ࣜͰද͞ΕΔ






f = f0 − Φ∂f0
∂ε
. (2.14)















12 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
Φ͸֎৔E ʹൺྫ͢ΔͷͰ1ɼࣜ (2.15)ͷEΦͷੵ͸ి৔E ͷ 2࣍ʹͳΓɼઢܗԠ౴ͷ
ൣғͰ͸EΦΛແࢹ͢Δ͜ͱ͕Ͱ͖Δɽ·ͨ 1!∇kf0 = vk ∂f0∂ε ΑΓࣜ (2.15)ͷࠨล͸ɼ
− e!E ·
[




= − e!E ·∇kf0
= −eE · vk ∂f0∂ε (2.16)
ͱͳΔɽࣜ (2.15)Λมܗͨ݁͠Ռ͕߃౳ࣜͰ͋ΔͨΊʹ͸ ∂f0∂ε ͷ܎਺͕̌Ͱͳͯ͘͸ͳΒ
ͳ͍ɽΑͬͯɼࣜ (2.16)ͱࣜ (2.15)͔Β
Φ = −eτE · vk (2.17)
Ͱ͋Δ͜ͱ͕Θ͔Δɽ
ిྲྀີ౓ jͷఆٛ͸εϐϯͷॖୀΛߟྀ͢Δͱɼ




























































= neµijEj . (2.21)
ࣜ (2.21)͔Βɼిؾ఻ಋ౓͸
























⟨n| ρ |n⟩ =
∑
n







































(H |m⟩Pm ⟨m|− |m⟩Pm ⟨m|H )
=H ρ− ρH = [H , ρ] (2.30)








H = H0 +H
′(t) (2.32)








′(t)] + [H ′(t), ρ0] (2.34)
͕੒ཱ͢Δ3ɽࣜ (2.34)ͷղ͸







೤ฏߧঢ়ଶʹ͓͚Δ೚ҙͷ෺ཧྔBͷฏۉ஋Λ ⟨ρ0B⟩ = 0ͱԾఆ͢Δͱɼࣜ (2.28)͔
Β࣌ࠁ tʹ͓͚ΔBͷฏۉ஋͸
⟨B⟩ = ⟨ρ0B⟩+ ⟨ρ′B⟩ = ⟨ρ′B⟩ (2.36)




H ′(t) = −Ae−iωt (2.37)












্ࣜʹ͍ͭͯɼม਺ม׵ (t− t′ = τ)Λߦ͏ͱ





























































































16 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
͕੒ΓཱͭͷͰɼࣜ (2.43)͸












= −⟨B(t)A˙(0)− A˙(0)B(t)⟩ (2.46)
ͱද͞ΕΔɽͨͩ͠ɼ
A˙ = i!(H0A−AH0) (2.47)
Ͱ͋Δɽ஗ԆάϦʔϯؔ਺ͷఆٛͱରԠ͢ΔΑ͏ʹɼ஗Ԇ૬ؔؔ਺QR(t)Λ












QR(ω) = − i!
∫ ∞
−∞













5஗ԆάϦʔϯؔ਺ GR(t− t′)͸৔ͷԋࢉࢠ ψ(t),ψ†(t′)Λ༻͍ͯɼ
GR(t− t′) = − i!θ(t− t
′) ⟨ψ(t)ψ†(t′) + ψ†(t′)ψ(t)⟩
ͱఆٛ͞ΕΔɽׅ ހ ⟨⟩ͷத͕ɼGR(t−t′)Ͱ͸൓ަ׵ؔ܎ɼQR(t)Ͱ͸ަ׵ؔ܎ͱ͍͏ҧ͍͸͋Δ͕ɼGR(t−t′)



















= j ·E (2.53)
ͱͳΔɽj͸ܥͷશిྲྀີ౓Ͱ͋Δ (j = (e/m)
∑
n pn)ɽ֎৔ͷԠ౴ʹର͢Δ෺ཧྔBΛ
ిྲྀີ౓ jͷ µ = x, y, zํ޲ͷ੒෼ jµͱߟ͑Δͱɼࣜ (2.49)ɼ(2.53)͔Β
jµ(ω) = σµν(ω)Eν (2.54)
ͱͳΓɼిؾ఻ಋ౓ςϯιϧ σµν ͸












ʹ͸༗ݶԹ౓ (T ̸= 0)ͰͷܭࢉΛߦ͏ඞཁ͕͋Δɽͦ͜Ͱɼࣜ (2.55)ɼ(2.56)ΛԹ౓૬ؔ
ؔ਺QΛ༻͍ͯɼ࣍ͷΑ͏ʹॻ͖௚͢ [30, 31]ɽ

























dτeiωλτ ⟨Tτ{ψkσ(τ)ψkσ(τ)ψk′σ′(0)ψk′σ′(0)}⟩ . (2.61)
18 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
ͱͳΔɽψk,ψ
†
k ͸ڏ࣌ؒʹ͓͍ͯΤϧϛʔτڞ໾Ͱ͸ͳ͍ͷͰɼࣜ (2.61) தʹ͓͍ͯ
ψ†k(τ) → ψk(τ) ͱͨ͠ɽF ͸ೋཻࢠάϦʔϯؔ਺ʹ͋ͨΔ෦෼Ͱ͋ΔɽೋཻࢠάϦʔ
ϯؔ਺Λਖ਼֬ʹܭࢉ͢Δ͜ͱ͸೉͍͜͠ͱ͔Βɼ͜͜Ͱ͸ τ > 0ͷ΋ͱɼೋཻࢠάϦʔϯ
ؔ਺Λಠཱͨ͠ೋͭͷҰཻࢠάϦʔϯؔ਺ (F = G (k,−τ)G (k, τ))ʹۙࣅ͢ΔɽϑʔϦΤ







vµvνG (k,−iξn)G (k, iξn − iωλ) (2.62)

































Δ͔Β7ɼਤ 2.2ͷ࣮ઢ෦෼ͷܦ࿏C1, C2, C3, C4ʹ͍ͭͯɼ−∞͔Β+∞ൣғͷੵ෼ͩ




z − i(2n+ 1)πkBT
ͱͳΔͷͰɼϑΣϧϛ෼෍ؔ਺ f(z)ͷཹ਺͸ −kBT Ͱ͋Δ

























z = x + iωλ
ਤ 2.2: iξnͷ࿨ΛͱΔͨΊͷੵ෼ܦ࿏
20 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
͚Λߟ͑Ε͹Α͍ɽ
͔͜͜Β͸ɼࣜ (2.62)ͷάϦʔϯؔ਺෦෼ F = kBT
∑
n G (k,−iξn)G (k, iξn − iωλ)ʹ
۩ମతͳؔ਺Λ୅ೖͯ͠ɼ࣮ࡍʹܭࢉ͍ͯ͘͠ɽ͜͜Ͱ͸ɼG (k,−iξn) = 1/(iξn − ε2 +






iξn − ε2 + iΓsgn(ξn)
1
iξn − iωλ − ε1 + iΓsgn(ξn − ωλ) . (2.66)







x+ !ω − ε2 + iΓ
1






x+ !ω − ε2 + iΓ
1






x− ε2 + iΓ
1






x− ε2 − iΓ
1
x− !ω − ε1 − iΓ
]
(C4). (2.67)
ͱͳΔ89ɽT → 0(K)Ͱ df(x)/dx͸σϧλؔ਺ δ(x−εF)ͱ౳͘͠ͳΔ͜ͱ͔Βɼࣜ (2.67)
ͷ (C1) + (C4)ʹ͍ͭͯ෦෼ੵ෼Λߦ͏ͱɼ
(C1) + (C4) =
1
!ω + ε2 − ε1 + 2iΓ
×
[
ln(εF − ε2 − iΓ)− ln(εF − !ω − ε2 − iΓ)




(C2) + (C3) = − 1!ω + ε2 − ε1
×
[
ln(εF − ε2 + iΓ)− ln(εF − !ω − ε2 − iΓ)
+ ln(εF − ε1 − iΓ)− ln(εF + !ω − ε1 + iΓ)
]
(2.69)
8ࣜ (2.66)͔Βͷม׵ͷࡍʹɼiωλ → ω ͱ͠ɼܦ࿏ C1 ͱ C2 Ͱ͸ z = x+ ωɼܦ࿏ C3 ͱ C4 Ͱ͸ z = x
ͱஔ͖׵͑Λߦͳ͍ͬͯΔɽੵ෼͸ܦ࿏͕࣮࣠ʹରͯ͠ฏߦͰ͋Δ͜ͱ͔Βɼੵ෼ม਺Λ z → xͱม׵ͨ͠ɽ








!ω + ε2 − ε1 + 2iΓ
×
[
ln(εF − ε2 − iΓ)− ln(εF − !ω − ε2 − iΓ)
+ ln(εF − ε1 + iΓ)− ln(εF + !ω − ε1 + iΓ)
]
− 1!ω + ε2 − ε1
[
ln(εF − ε2 + iΓ)− ln(εF − !ω − ε2 − iΓ)


















⟨i| vµ |j⟩ ⟨i| vν |j⟩F(ω, εi, εj)
|i⟩ , |j⟩͸ΤωϧΪʔ εi, εj ͷݻ༗ঢ়ଶɼvµ ͸଎౓ԋࢉࢠɼF ͸ࣜ (2.70)Ͱ͋Δɽ
11࣮ࡍʹ఻ಋ౓Λ਺஋ܭࢉ͢Δ৔߹ɼࣜ (2.57)͸࣍ͷΑ͏ʹएׯͷमਖ਼ΛՃ͑Δඞཁ͕͋Δ,
σµν(ω) = − 1
iω
[Qµν(ω + iδ)−Qµν(+iδ).]
ඍখͳڏ਺߲ iδ Λ෇Ճ͢Δ͜ͱͰɼࣜ (2.69)ͷ܎਺෦෼ʢ1/(!ω + ε2 − ε1)ʣͷൃࢄΛ཈͑ΒΕΔ͔ΒͰ͋
Δɽ












= −ev ×B. (2.71)
m͸ిࢠͷ࣭ྔɼr͸ిࢠͷ࠲ඪɼt͸࣌ࠁɼe͸ૉిՙʢe > 0ʣɼv͸଎౓ɼB͸࣓৔
Λද͢ɽ͜ͷӡಈํఔࣜͷղ͸ɼ࣍ͷΑ͏ʹಘΒΕΔ
xt = x0 + xc (2.72)








vx = v0 cosωct (2.76)
vy = v0 sinωct. (2.77)
(xc, yc)͸Ґஔ (x0, y0)͔Βͷ૬ରҐஔΛද͢ɽ্͔ࣜΒ࣓৔தͷిࢠ͸ɼҐஔʢx0, y0ʣΛ














(xvy − yvx). (2.78)











= mvi + eAi (2.80)






(px − eAx)2 + 1
2m
























16ࣜ (2.81)ͱࣜ (2.82)͸શ͘ಉࣜ͡ʹݟ͑Δ͕ɼࣜ (2.82)ͷ px, py ͸ԋࢉࢠͰ͋Δɽ
24 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
ϕΫτϧϙςϯγϟϧAʹ͸೚ҙੑ͕͋Δɽ͜͜Ͱ͸ɼྫͱͯ͠ϥϯμ΢ήʔδA =
(−By, 0, 0)Λߟ͑Δɽ͜ͷͱ͖ɼϋϛϧτχΞϯʢࣜ (2.82)ʣ͸ xґଘੑΛ࣋ͨͳ͍͜ͱ



























(l = 0, 1, 2, ...) (2.84)
ͱ཭ࢄԽ͞Εͨ஋ΛͱΔ͜ͱ͕Θ͔Δɽ͜ͷΑ͏ʹ࣓৔ͰిࢠͷΤωϧΪʔ͕཭ࢄԽ͞
ΕΔ͜ͱΛϥϯμ΢ྔࢠԽɼ཭ࢄԽ͞ΕͨΤωϧΪʔ४ҐΛϥϯμ΢४ҐͱݺͿɽࣗ༝
ిࢠʹ͓͍ͯϥϯμ΢४ҐؒͷΤωϧΪʔ෯ !ωc͸ɼϘʔΞ࣓ࢠ µB = !e/2mΛ༻͍ͯɼ
!ωc = 2µBBͱද͞ΕΔɽ






eikxxHl (y − y0) . (2.85)
Hl͸Τϧϛʔτؔ਺Ͱ͋Δɽ
ϥϯμ΢४Ґʢࣜ (2.84)ʣ͸ kx, kyΛؚ·ͳ͍ɽΑͬͯɼ֤ϥϯμ΢४Ґ͸ॖॏ͍ͯ͠
Δ͜ͱ͕Θ͔Δʢਤ 2.4ʣɽਤ 2.4͔ΒΘ͔ΔΑ͏ʹɼϥϯμ΢४Ґ εlͷॖॏ౓NL(B)͸
B = 0ʹ͓͚Δ࿈ଓͨ͠όϯυ ε(B = 0) = (p2x + p
2






































Lx, Ly)ɼҎ߱Ͱ͸ಛʹஅΒͳ͍ݶΓશͯ୯ҐମੵΛԾఆ͢ΔʢLx = Ly = Lz = 1ʣɽ
͔͜͜Β͸ࡾ࣍ݩͷࣗ༝ిࢠΨεʹ͍ͭͯߟ͑Δɽೋ࣍ݩͷ৔߹ͱಉ༷ʹ࣓৔B͸ z࣠
ʹฏߦͳ৔߹ΛԾఆ͢Δͱɼ࣓৔ʹରͯ͠ฏߦͳӡಈ͸θϩ࣓৔ͷ৔߹ͱಉ͡ʹͳΔɽ͜
ͷͱ͖ɼϕΫτϧϙςϯγϟϧΛA = (Ax, Ay, 0)ͱ͓͘ͱɼࡾ࣍ݩࣗ༝ిࢠΨεͷϋϛ
26 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦




























































1 (ε ≥ 0)



















































































































β0 = 2µB (2.97)












ਤ 2.7: ྔࢠৼಈͷൃݟɿʢࠨʣSdHޮՌ [38]ʢӈʣdHvAޮՌ [39]
ଌ͞ΕΔʢਤ 2.7ʣɽྔࢠৼಈ͸ɼిؾ఍߅΍࣓Խʹ͓͍ͯγϡϒχίϑ–υɾϋʔεޮՌ
ʢShubnikov-de Haas eﬀectɼSdHʣ[38]΍ɼυɾϋʔεʔΞϧϑΣϯޮՌʢde Haas-van
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ਤ 2.10: ࣓৔தࡾ࣍ݩࣗ༝ిࢠͷΤωϧΪʔ࣓৔ґଘੑɿʢࡉઢʣσ = −1ʢഁઢʣσ = +1
ʢଠઢʣϑΣϧϛΤωϧΪʔɽ
32 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
ਤ 2.11: ྔࢠۃݶྖҬʹ͓͚Δଌఆɿʢࠨ্ʣBiͷωϧϯετ܎਺ [14]ʢӈ্ʣCd3As2ͷ
࣓ؾ఍߅ [49]ʢࠨԼʣάϥϑΝΠτͷ࣓ؾ఍߅ [45]ʢӈԼʣZrTe5ͷ࣓ؾ੺֎෼ޫ๏ [48]
ఔ౓ͱখ͍͞ɽΑͬͯɼ൒ۚଐ΍ڱΪϟοϓ൒ಋମͰ͸ɼ਺ςεϥఔ౓ͷ࣓৔͕෺ੑʹେ
͖ͳӨڹΛ༩͑Δɽ୅දతͳ൒ۚଐͷҰͭͰ͋ΔϏεϚε͸ɼΘ͔ͣ 1.5ςεϥͷ࣓৔Ͱ
ྔࢠۃݶঢ়ଶʹͳΔ [14, 44–48]ɽਤ 2.11͸ɼྔࢠۃݶঢ়ଶͷଌఆ͕ߦΘΕ࣮ͨݧ݁ՌͰ
͋Δɽ
2.3 σΟϥοΫిࢠͱ൒ۚଐ




Ϛεͷ L఺ిࢠͰ͋Δ [51, 52]ɽݱࡏ͸άϥϑΣϯ΍ α-(BEDT-TTF)2I3ɼA3Bi(A͸ K,
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ਤ 2.12: σΟϥοΫిࢠͷΤωϧΪʔʢࠨʣ࣭ྔΛ࣋ͬͨσΟϥοΫిࢠʢmassive Diracʣ


























19ϏεϚεͷεϐϯيಓ݁߹͸ 1.8eVɼάϥϑΝΠτ͸ 0.005eVͰ͋Δ [65]ɽ























[p · σ ×∇V ] (2.98)
ʹରͯ͠ɼk ·pཧ࿦Λ༻͍Δ͜ͱͰಋग़͢Δ͜ͱ͕Ͱ͖ΔʢV ͸݁থϙςϯγϟϧɼσ͸ύ





















dk′ ⟨χnk|H |χn′k′⟩ψn′(k′) = εψn(k) (2.103)
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ψn′(k) = εψn(k) (2.106)
ͱͳΔɽύϦςΟͷରশੑͱ k0͕όϯυͷۃ஋ΛͱΔ೾਺Ͱ͋Δ͜ͱ͔Βɼ଎౓ԋࢉࢠ






∆ 0 !k · t !k · u
0 ∆ −!k · u∗ !k · t∗
!k · t∗ −!k · u −∆ 0














ͱͳΔɽͨͩ͠ɼε1k0 = ε1k0 = ∆ɼε3k0 = ε4k0 = −∆ͱ͠ʢ2∆͸όϯυΪϟοϓΛද
͢ʣɼv12,21 = v34,43 = 0Λ༻͍ͨ21ɽ·ͨɼt,u͸࣍ࣜͰද͞ΕΔ଎౓ͷߦྻදࣔͰ͋Δ22
t = ⟨1|v |3⟩ = ⟨4|v |2⟩ (2.108)













21࣌ؒ൓సԋࢉࢠK ͱۭؒ൓సԋࢉࢠ J Ͱ࡞ΒΕΔԋࢉࢠ C = JK ʹ͍ͭͯɼA C = CA C−1 = A † Λ
ຬͨ͢Α͏ͳԋࢉࢠ A Ͱ͸ɼ⟨ψnk−|A |ψnk+⟩ = 0ͱͳΔ [65]ɽ
22ԋࢉࢠC͸Cψnk+ = ψnk−ɼ⟨ψ|φ⟩ = ⟨Cφ|Cψ⟩ , C2ψ = −ψΛ༻͍Δͱɼt = ⟨ψc+|v |ψv+⟩ = ⟨ψv−|v |ψc−⟩
ΛಘΔ͜ͱ͕Ͱ͖Δɽ
23Re(t) ̸= 0ɼIm(t)=0,u = 0ͷͱ͖ͷΈɼεϐϯيಓ݁߹͕ͳ͍ɽ
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ͱͳΔΑ͏ʹجఈΛબͼɽࣜ (2.107)Λ







W (1) = Im(u) (2.111)
W (2) = Re(u) (2.112)
W (3) = Im(t) (2.113)















W (1) = (v0, 0, 0) (2.116)
W (2) = (0, v0, 0) (2.117)




∆ iv0!k · σ






mc2 cp · σ




Ӭ೥ํఔࣜ |H − ε| = 0Λղ͘ͱɼࣜ (2.110)ͷΤωϧΪʔόϯυ
ε = ±
√
∆2 +∆!2k · αˆ · k (2.121)











ࣜ (2.121)͔ΒΘ͔ΔΑ͏ʹσΟϥοΫిࢠͷόϯυ͸ઢܗ෼ࢄͰ͋Δ (ε ∝ k1)ɽ
ࣜ (2.121)͸όϯυ୺ۙ๣ (k ∼ 0)ʹ͓͍ͯ∆2 ≫ ∆!2k · αˆ · kΑΓɼ
ε ≃ ∆+ !
2
2












࣓৔தͰ͸ɼӡಈྔԋࢉࢠ piΛ πi = pi − eAiͱஔ͖׵͑Δ͜ͱʹΑͬͯϋϛϧτχΞ
ϯΛಘΔ͜ͱ͕Ͱ͖Δɽ࣓৔தWolﬀ໛ܕͷϋϛϧτχΞϯ͸࣍ࣜͰද͞ΕΔ [51, 52]ɽ




















MZC = Ez/!ωc ΛධՁ͢Δ͜ͱ͕ఏҊ͞Εͨ [63,71]ɽMZC ͕େ͖͍΄Ͳɼεϐϯيಓ݁߹ڧ͍ͱɽθϩ࣓
৔ʹ͓͍ͯϏεϚεͷిࢠʢL఺ʣͱԖςϧϧͷMZC ͸ɼMZC(Bi) = 0.9 − 1.0 [71], MZC(PbTe) = 0.8
Ͱ͋Δɽ
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∆2 + (π ·L)2 0
0 ∆2 + (π ·L)2
)











{πi(LiLj + LjLi)πj + LiLj [πi,πj ]}
= 2∆
















(i, j, k : cyclic) (2.128)




∆2 + 2∆H∗ 0
0 ∆2 + 2∆H∗
)
ψ = ε2ψ (2.129)
H∗ = π · αˆ · π
2






















































m|| = b · mˆ · b (2.136)
ΑΓɼ
εl,± =




















40 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
ݻ༗ؔ਺Λ ψ = (φu,φl)Tͱ͓͘ͱɼࣜ (2.124)͔Βݻ༗஋ํఔࣜH ψ = εψ͸ [14,51]
∆φu + i(π ·L)φl = εφu (2.139)



































ਤ 2.15: V଒୯݁থͷ݁থߏ଄ ɿʢࠨʣ࿡ํথʴඛ໘ମʢӈʣཱٖํথʴඛ໘ମ [73]
42 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
ਤ 2.16: ඛ໘ମߏ଄ͷϒϦϧΞϯκʔϯ
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ਤ 2.17: ϏεϚεͷϑΣϧϛ໘ [13]ɿʢ੨ʣిࢠʢ੺ʣਖ਼޸ɽࡾͭ͋ΔిࢠϑΣϧϛ໘͸
Trigonal࣠ʹରͯ͠ 120◦ճసͤ͞Δͱޓ͍ʹॏͳΔɽ
V଒൒ۚଐͷϒϦϧΞϯκʔϯ͸ਤ 2.16Ͱࣔ͞ΕΔܗΛ͓ͯ͠ΓɼϏεϚε͸ L఺ʹ





















1886 ωϧϯετޮՌ EttingshausenɼNernst [89]
1928 ڊେ࣓ؾ఍߅ Kapitza [90]
1930 γϡϒχίϑ-υɾϋʔεޮՌ Shubnikovɼde Haas [38]
1930 υɾϋʔε-ϑΝϯɾΞϧϑΣϯޮՌ de Haasɼvan Alphen [39]
1955 ۚଐʹ͓͚ΔαΠΫϩτϩϯڞ໐ Galt [91]
1963 ࣓ؾͻͣΈͷৼಈ GreenɼChandrase [92]
...



















εϖΠϯͷ෺ཧֶऀ Zapata͕ “Crisis me´dica sobre el antimonioʢΞϯνϞϯΛΊ͙Δҩ
ྍةػʣ”ͱ͍͏ຊΛग़൛͍ͯͨ͜͠ͱ͔Β΋ɼ17ੈلʹ͸୯ମͷΞϯνϞϯ͕஌ΒΕͯ
46 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦


































͸༷ʑͳඇ࣓ੑۚଐ (Be, Cu, Ag, Au, Zn, Mg, Al, Cd, Hg, In, Ga, Ta, άϥϑΝΠτ,
Ge, Pb, Sn, Tn, As, Sb, Bi, Mo, Cr, W, Te, Pt, Pd) ʹରͯ͠΋࣓ؾ఍߅ͷଌఆΛߦ͍















= −e(E + v ×B)− 1
τ
mˆ · v. (2.143)
mˆ͸ిࢠͷ༗ޮ࣭ྔςϯιϧɼτ ͸؇࿨࣌ؒΛද͢ɽఆৗঢ়ଶʹ͓͍ͯ dv/dt = 0ΑΓɼ
қಈ౓ µij = eτm∗i
δij ͱ͓͘ͱɼ଎౓ v͸࣍ࣜͰද͞ΕΔ
v = −µˆ[E + (v ×B)] (2.144)
͜͜Ͱɼ࣓৔ςϯιϧ Bˆ [13, 115]ɼ
Bˆ =




ਤ 2.21: KapitzaʹΑΔ࣓ؾ఍߅ͷଌఆɿ(a)ϏεϚε Bi [90] (b)ಔ Cu [108]
50 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦































σxz = σyz = 0 (2.153)




(i = x, y, z) (2.154)
ρyx = −ρxy = − B
ne
(2.155)
ρzx = ρxz = 0 (2.156)
ͱͳΔɽ࢒Γͷ࣓ؾ఻ಋ౓ͱ࣓ؾ఍߅ͷ੒෼ʹ͍ͭͯ͸ɼΦϯαʔΨʔͷؔ܎ʢσij(B) =














−eE · vk + e! [vk ×B] ·∇kΦ−
1
τ














(µ, ν,λ = x, y, z). (2.159)




Φ+ eE · vk − eΩΦ = 0. (2.160)
͜ΕΛ Φʹ͍ͭͯղ͘ͱɼ





1 + eτΩ+ (eτΩ)2 · · ·
)
E · vk. (2.162)





ji = σilEl + σilpElBp + σilpsElBpBs (2.163)
































͕ಘΒΕΔɽ্ࣜ͸Ωͷ̎࣍·Ͱల։ͨ͠৔߹ͷܭࢉͰ͋ΔɽB = (0, 0, B)ͷͱ͖ɼσilp
͕ϗʔϧ఻ಋ౓ɼσil,σilps͕఻ಋ౓ͷର֯੒෼ʹد༩͢ΔɽAbelesͱMeiboom͸ɼࣗ༝
ిࢠ໛ܕʹର্ͯ͠ड़ͷܭࢉΛߦ͍ɼϏεϚεͷ࣓ؾ఍߅ʹ͍ͭͯٞ࿦ͨ͠ [118]ɽ






(e1, e2, e3)ͷқಈ౓ µˆe1,e2,e3,Λ࣍ࣜͰදͨ͠ɽ
µˆe1 =
















4 (µ1 + 3µ2) ∓
√
3











2 µ4 −12µ4 µ3
⎞⎟⎠ (2.168)
Rˆtri(φ) =








ిࢠΛΩϟϦΞʹ࣓࣋ͭ৔தͷ౳ํతͳۚଐΛߟ͑Δɽϥϯμ΢ήʔδA = (0, Bx, 0)
ͱ͠ɼ࣓৔தࣗ༝ిࢠͷෆ७෺ޮՌΛؚ·ͳ͍άϦʔϯؔ਺͸ɼ࣍ࣜͰද͞ΕΔ




ψls(kz, ky, x− !ky/eB)ψ∗ls′(kz, ky, x′ − !ky/eB)
iωm + ξ − εl(kz, s) (2.170)

















ωm͸দݪৼಈ਺ɼξ͸ϑΣϧϛΤωϧΪʔɼεl(kz, s)͸ϥϯμ΢४Ґ (ࣜ (2.96))ɼs͸ε
ϐϯͷූ߸ɼHl͸Τϧϛʔτଟ߲ࣜɼχs͸εϐϯͷݻ༗ঢ়ଶΛද͢ɽෆ७෺ͷࢄཚৼ෯
Λ V0ͱ͠ɼෆ७෺ࢄཚʹΑͬͯεϐϯ͸มԽ͠ͳ͍΋ͷͱ͢ΔɽඇϘϧϯࢄཚ (ਤ 2.22)
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ਤ 2.22: ඇϘϧϯࢄཚͷμΠΞάϥϜ
ʹ͓͚ΔάϦʔϯؔ਺G(kz, ky, x, x′)ͱࣗݾΤωϧΪʔ ΣΛܭࢉ͢Δͱ͕࣍ࣜಘΒΕΔɽ




ψls(kz, ky, x− !ky/eB)ψ∗ls′(kz, ky, x′ − !ky/eB)

















































ͱͳΔɽns͸εϐϯ sͷΩϟϦΞີ౓Λද͢ɽྔࢠۃݶʢ(eB/mc)/(!2k2F0−/2mc) ≫ 1,
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ྔࢠۃݶঢ়ଶʹ͓͍ͯϗʔϧ఻ಋ౓͸ σyx = ne/BͰ͋Δ͔Β [116]ɼ࣓ؾ఍߅ͷର֯੒
෼ ρii͸ɼ






















ਤ 2.23: ϏεϚεͷ֯౓ґଘ࣓ؾ఍߅ [123]ɽిྲྀΛ Trigonal࣠ͱฏߦʹྲྀ͠ɼ࣓৔͸
Trigonal࣠ʹਨ௚ͳ໘಺Ͱճస͍ͤͯ͞Δɽ
56 ୈ 2ষ ిࢠঢ়ଶͱ༌ૹཧ࿦
ਤ 2.24: AliΒʹΑΔWTe2ͷ࣓ؾ఍߅ଌఆ݁Ռ [5]ɽਤ͸྆ର਺ͷάϥϑͰ͋Δɽ఍߅͕
࣓৔ͷ̎৐ʹൺྫ͍ͯ͠Δ (ρ ∝ B2)ɽ
2.4.2 ۙ೥ͷ࣓ؾ఍߅ݚڀ
21ੈلʹೖΓɼAliΒ͕WTe2Ͱඇ๞࿨࣓ؾ఍߅Λใࠂͨ͠ [5]ɽ60ςεϥͷ࣓৔தͰ
WTe2ͷ࣓ؾ఍߅͸࣓৔ͷ 2৐ʹൺྫ͠ʢρ ∝ B2ʣɼ࠷େͰ 1300ສ%΋ͷ࣓ؾ఍߅Λࣔ
ͨ͠ʢਤ 2.24ʣɽρ ∝ B2ͷඇ๞࿨࣓ؾ఍߅Λࣔͨ͠൒ۚଐ͸WTe2͕ॳΊͯͰ͋ΔɽAli
Βͷใࠂޙɼ൒ۚଐͷ࣓ؾ఍߅͕࠶஫໨͞Εͨɽͦͷޙɼ࣓ؾ఍߅ݚڀ͸ɼσΟϥοΫి




ϑΣϧϛ໘ͱͷؔ܎ [15]΍қಈ౓ͷ֯౓ґଘੑ [21]ͳͲ͕ௐ΂ΒΕ͍ͯΔʢਤ 2.27ʣɽ
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ਤ 2.25: σΟϥοΫిࢠܥ෺࣭ͷ࣓ؾ఍߅ (a)NbP [3]ɼ(b)LaBi [124]ɼ(c)Cd3As2 [8] ɽ
NbP͸ૠೖਤͰࣔ͞Ε͍ͯΔΑ͏ʹɼB >30TͷྖҬͰઢܗ૿Ճ͠ɼLaBi͸࣓৔ͷ̎৐
Ͱ૿Ճ͍ͯ͠Δɽ
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্Ͱ͸ɼશͯͷ࣓৔ (B =0.5, 4, 10, 14T)Ͱ̒ճରশੑΛ͕ࣔ͢ɼT = 10KҎԼͰ͸̒ճ
ରশੑ͕ࣦΘΕ࢝ΊΔɽT = 5KͰ͸ɼશͯͷ࣓৔ʹରͯ͠ ρ−1͕̎ճରশੑΛࣔ͢ɽ͜
ͷΑ͏ʹɼ௿Թɼڧ࣓৔ͷ৚݅Ͱ࣓ؾ఍߅ͷରশੑͷഁΕ͕؍ଌ͞Εͨɽ
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ਤ 2.28: σΟϥοΫిࢠͱࣗ༝ిࢠͷ఻ಋ౓ͷൺֱ (a)࣓ؾ఻ಋ౓ σxxɼ(b)ϗʔϧ఻ಋ౓
σyxɽʢ࣮ઢʣٱอެࣜʹجͮ͘σΟϥοΫిࢠͷ఻ಋ౓ʢഁઢʣϘϧπϚϯཧ࿦ʹجͮ͘









































































vQ = αˆ · !k (3.3)
Ͱ͋Δɽແ࣍ݩྔ λε͸ɼࣗ༝ిࢠʹ͸ݟΒΕͳ͍σΟϥοΫిࢠಛ༗ͷྔͰ͋Δɽ͜͜
Ͱ͸ɼແ࣍ݩྔ λεΛ૬ର࿦తิਖ਼ͱݺͿɽࣜ (3.1)-(3.3)ʹग़ͯ͘Δӈݞͷఴ͑ࣈ “D”ͱ
“Q”͸ɼͦΕͧΕσΟϥοΫిࢠͱࣗ༝ిࢠΛද͢1ɽࣜ (3.1)-(3.3)Λ༻͍ͯɼ࣓৔தʹ
͓͚ΔϘϧπϚϯํఔࣜʢࣜ (2.157)ʣΛղ͘ɽඇฏߧঢ়ଶʹ͓͚Δ෼෍ؔ਺ f ͱฏߧঢ়
ଶͷ෼෍ؔ਺ f0ͷ͕ࠩখ͍͞ͱԾఆ͢Δɽ͜ͷͱ͖ f ͸ f0ͱ vDΛ༻͍ͯ࣍ͷΑ͏ʹද
͢͜ͱ͕Ͱ͖Δ [126,127]
f = f0 + F · vD∂f0
∂ε
. (3.4)
1ఴࣈ “D”͸ “Dirac”ͷ಄จࣈΛ༻͍ͨɽఴࣈ “Q”͸ɼࣗ༝ిࢠͷΤωϧΪʔ෼ࢄ͕೾਺ͷ̎৐ʹൺྫ͢
Δ͜ͱ͔Β (εQ ∝ k2)ɼ̎৐Λҙຯ͢Δ “Quadratic”ͷ಄จࣈΛ༻͍ͨɽ





















F · vD) = 1!







⎛⎜⎝ vDx ∂xFx + vDy ∂xFy + vDz ∂xFzvDx ∂yFx + vDy ∂yFy + vDz ∂yFz
vDx ∂zFx + v
D
















vDx ∂xFx + v
D










vDx ∂xFx + v
D

















[∇k · F ]vDx +
(














[∇k · F ]vDx + [
(
vD ×∇k
)× F ]x) . (3.7)







































F · vD) = −∆
εD





[∇k · F ]vD +
(
vD ×∇k
















!∇k (F · vk) = −
∆
εD
vD(vQ · F ) + λε(αˆ · F ) + 1! [∇k · F ]v
D. (3.11)
ࣜ (3.4)ɼ(3.5)ɼ(3.11)Λࣜ (2.157)ʹ୅ೖ͢Δͱɼ࣍ͷΑ͏ʹͳΔ






















ి৔ʹର͢ΔઢܗԠ౴Λߟ͍͑ͯΔ͜ͱ͔ΒɼE ͷ̎࣍Ҏ্͸ແࢹ͢ΔɽF ͸ E ʹൺ
ྫ͢ΔϕΫτϧͰ͋Δ͔ΒɼF ͱ E ͷੵΛؚΉ߲΋ E ͷ̎࣍ͱͳΔͷͰແࢹͰ͖Δɽ
(vD ×B) · vD = 0Λ༻͍Δͱ
−e(E · vD)∂f0
∂ε
− e (vD ×B) · [λε(αˆ · F )] ∂f0
∂ε







্ࣜͷࠨลୈೋ߲͸ެࣜ (X × Y ) ·Z = (Y ×Z) ·X ΑΓɼ͕࣍ࣜಘΒΕΔ












−eE − eλε [B × (αˆ · F )] = −1
τ
F (3.15)
ͱͳΔɽ͜͜ͰɼB × (αˆ · F )͸
B × (αˆ · F ) =
⎛⎜⎝ −Bz(αˆ · F )y +By(αˆ · F )zBz(αˆ · F )x −Bx(αˆ · F )z
−By(αˆ · F )x +Bx(αˆ · F )y
⎞⎟⎠ . (3.16)
=
⎛⎜⎝ 0 −Bz ByBz 0 −Bx
−By Bx 0
⎞⎟⎠
⎛⎜⎝ (αˆ · F )x(αˆ · F )y
(αˆ · F )z
⎞⎟⎠ (3.17)
= Bˆ · (αˆ · F ) (3.18)
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ͱද͢͜ͱ͕Ͱ͖Δ [115]ɽࣜ (3.15)ɼ(3.16)͔ΒɼF ͸࣍ࣜͰද͞ΕΔ
F = eτ
(



























1ˆ− eτλεBˆ · αˆ
)−1 ·E]] (3.20)
ͱͳΔɽT = 0Ͱɼ∂f0∂ε = δ(ε





















౳ํతͳσΟϥοΫిࢠʢµij = µ0δijʣΛԾఆ͢Δɽࣜ (3.22)ͷ֤੒෼ΛҎԼʹࣔ͢ɽ

















































η = det(µˆ) = µ30. (3.31)
ଞͷ੒෼ʹ͍ͭͯ͸ɼΦϯαʔΨʔͷؔ܎ࣜ σˆDij(B) = σˆ
D
ji(−B)͔Βಋ͚Δɽ
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3.2 ̍ΩϟϦΞ໛ܕɿσΟϥοΫిࢠ (ρˆD)
࢝ΊʹɼΩϟϦΞ͕σΟϥοΫిࢠͷΈͷܥʹ͍ͭͯٞ࿦Λߦ͏ɽ࣓৔͕ z࣠ͱฏߦͳ
৔߹ʹ͓͍ͯʢB ∥ z࣠ʣɼσDxxɼσDyxͷ࣓৔ґଘੑΛ྆ର਺ϓϩοτͨ͠΋ͷΛɼਤ 3.1ʹ
ࣔ͢ɽσDxx͸ऑ࣓৔B → 0(T)ͰҰఆ஋Λ͕ࣔ͢ɼڧ࣓৔B∼>0.1(T)Ͱ͸ σDxx ∝ B−2Ͱม
Խ͍ͯ͠Δʢਤ 3.1(a)ʣɽσDyx͸ऑ࣓৔Ͱ σ
D












yxͰ͸ λεF = 0.2−1.0
ͷάϥϑ͕શ͕ͯಉ͡஋ΛͱΔʢਤ 3.1(b)ʣɽࣜ (3.24)ɼ(3.27)ʹ͍ͭͯɼऑ࣓৔ۙࣅ
ʢ1+ (λεFµB)


































xx ∝ λεFɼڧ࣓৔Ͱ͸ σDxx ∝ λ−1εF Λࣔ͢ɽ·ͨɼσDyx͸ڧ࣓৔Ͱ λεFκ
ʹґଘ͠ͳ͘ͳΔͷͰɼ೚ҙͷ λεF ʹ͓͍ͯಉ͡஋Λࣔ͢Α͏ʹͳΔɽ
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ਤ 3.1: ࣓ؾ఻ಋ౓ σDij ͷ࣓৔ґଘੑɿ(a)σ
D
xx (b)σyxɽ૬ର࿦తิਖ਼ λεF͸ λεF = 0.2− 1.0
ͰมԽͤͨ͞ɽ













B ∥ z࣠ͱ͠ɼ౳ํతͳిࢠͱਖ਼޸ͷ໛ܕΛԾఆ͢Δʢµij = µ0δij , νij = ν0δijʣɽνij ͸ਖ਼



































2ిࢠͱਖ਼޸Ͱ࣓৔ͷد༩͕ਖ਼ෛٯʹͳΔ͜ͱ͔Βɼਖ਼޸ͷ఻ಋ౓ σˆQ ͸ σˆQ = pe(νˆ−1 + Bˆ)−1 Λ༻͍ͯ
͍Δɽ



























2(p− n)2 . (3.40)
n, p͸ిࢠͱਖ਼޸ͷΩϟϦΞີ౓ɼe͸ૉిՙ (e > 0)ɼఴࣈ “D”͸σΟϥοΫిࢠɼఴࣈ
“Q”͸ࣗ༝ిࢠΛද͢ɽ
ਤ 3.3(a) ͸ɼΩϟϦΞີ౓ n = p = 1.0 × 1017cm−3ɼิਖ਼ λεF = 0.2, 1.0ɼқಈ౓
µ0 = 100T−1, ν0 = 10T−1ʹ͓͚Δ ρD+Qxx , ρD+Qyx ͷ࣓৔ґଘੑΛද͍ͯ͠Δ3ɽλεF = 0.2
ʢ࣮ઢʣͱ λεF = 1.0ʢഁઢʣʹ͓͚Δ ρ
D+Q
xx ͷ࣓৔ґଘੑ͸ɼఆੑతʹಉ͡;Δ·͍Λࣔ͢
͕ɼఆྔతʹ͸ҟͳΔ஋Λࣔ͢ɽλεF = 0.2ͱ λεF = 1.0ͷάϥϑ͸ɼऑ࣓৔ʢB < 0.05Tʣ
Ͱ࣓৔ʹґଘ͠ͳ͍ɽλεF = 0.2ʹ͓͚Δ ρ
D+Q
xx ͷେ͖͞͸ɼλεF = 1.0ͷ৔߹ʹൺ΂̏
ഒҎ্େ͖ͳ஋Λࣔ͠ɽڧ࣓৔ʢB > 0.05TʣͰ͸ λεF = 1.0ΑΓ΋খ͍͞஋Λࣔ͢ɽ͜
ͷఆྔతͳҧ͍͸ɼρD+Qxx ͷଌఆσʔλΛղੳ͢Δࡍʹେ͖͘Өڹ͢Δɽn = pʹ͓͍
ͯɼλεF = 0.2ͷ ρ
D+Q
yx ͸ λεF = 1.0ͷ৔߹ʹൺ΂ɼৗʹখ͞ͳ஋Λࣔ͢ɽ n ̸= pͷ৔߹ɼ
λεF = 0.2ͷ ρ
D+Q
yx ͕ λεF = 1.0ͷ৔߹ΑΓ΋খ͞ͳ஋Λࣔ͢ͷ͸ɼऑ࣓৔ྖҬ͚ͩͰ͋Δ
ʢਤ 3.4ʣɽλεF = 0.2ͱ λεF = 1.0ͷ ρ
D+Q
























ࣜதͷ κ͸ిࢠͱਖ਼޸ͷқಈ౓ͷൺͰ͋Δʢκ = µ0/ν0ʣɽࣜ (3.41)ɼ (3.42) ͔Βɼ໌Β

















3ύϥϝʔλ n, p,λεF , µ0, ν0 ͷ֤஋͸ɼݱ࣮ͷϏεϚεͷ஋ΛࢀߟʹܾΊͨɽ
3.3. ̎ΩϟϦΞ໛ܕɿσΟϥοΫిࢠͱࣗ༝ిࢠ (ρˆD+Q) 71
ਤ 3.3: n = pʹ͓͚Δ (a)ԣ࣓ؾ఍߅ ρD+Qxx ͱ (b)ϗʔϧ఍߅ ρ
D+Q
yx ͷ࣓৔ґଘੑɿʢ࣮
ઢʣλεF = 0.2ͱʢഁઢʣλεF = 1.0 [129]
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ਤ 3.4: n = 0.98 × 1017cm−3, p = 1.0 × 1017cm−3 ʹ͓͚Δ (a)ԣ࣓ؾ఍߅ ρD+Qxx ͱ (b)
ϗʔϧ఍߅ ρD+Qyx ͷ࣓৔ґଘੑɿʢ࣮ઢʣλεF = 0.2ͱʢഁઢʣλεF = 1.0 [129]
3.3. ̎ΩϟϦΞ໛ܕɿσΟϥοΫిࢠͱࣗ༝ిࢠ (ρˆD+Q) 73
ද 3.1: ࣓ؾ఍߅ ρD,D+Qij ͷ·ͱΊɽλεF = ∆/εF͸σΟϥοΫిࢠͷόϯυ෼ࢄΑΔิਖ਼
Λɼκ = µ0/ν0͸ిࢠͱਖ਼޸ͷқಈ౓ʹର͢ΔൺΛද͢ɽ[129]
̍ΩϟϦΞ ̎ΩϟϦΞ


















































































for n = p
− B
(n− p)e for n ̸= p
. (3.46)











xx (λεF = 1.0))ͱಉ͡;Δ·͍Λࣔ͢ʢਤ 3.4(b)ɼද 3.1ʣɽิਖ਼ λεF
͸ɼࣗ༝ిࢠ෼ࢄ͔Βఆٛ͞ΕΔқಈ౓Λิਖ਼͢Δ͜ͱͰɼ఍߅ͷେ͖͞ΛมԽͤ͞Δޮ
ՌΛ࣋ͭɽ
࣮ݧ݁Ռ͔Βқಈ౓Λਪఆ͢Δ৔߹ɼิਖ਼ λεF ͷӨڹΛड͚Δ͜ͱ͔Βɼࣜ (3.22)Λ༻
͍Δ΂͖Ͱ͋Δɽࣗ༝ిࢠʹର͢Δࣜ (3.23)ʹΑͬͯਪఆ͞Εͨқಈ౓ µexpΛ 1/λεF ഒ
͢Δ͜ͱͰɼσΟϥοΫిࢠͷຊདྷͷқಈ౓ µDirac͕ಘΒΕΔʢµDirac = µDirac/λεFʣɽྫ
͑͹ɼϏεϚεʹ͓͍ͯ λεF = 0.215(∆ = 7.65meV, εF = 35.5meV [14])Ͱ͋Δ͜ͱ͔Βɼ
ΩϟϦΞిࢠͷ “ຊདྷ”ͷқಈ౓ µDirac͸ɼ࣮ݧ஋ͷқಈ౓ µexpΛ 1/λεF = 4.65ഒͨ͠஋
Ͱ͋Δɽ۩ମతͳ஋ͷมԽʹ͍ͭͯ͸ɼHartmannͷ஋ [130]Λྫʹɼද 3.2ͱͯ͠·ͱΊ
ͨɽWTe2͸ɼσΟϥοΫిࢠͷਖ਼޸ΩϟϦΞΛ࣋ͭ [5,131]ɽิਖ਼ λεF ≃ 0.083ʢ∆ ≃ 2.5
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ද 3.2: T =4.23Kʹ͓͚ΔɼϏεϚεͷิਖ਼͞Εͨқಈ౓ͱ؇࿨࣌ؒɽ্ஈ͕ࣗ༝ిࢠʹ
ର͢ΔࣜΛ༻͍ͯɼHartmann͕ਪఆͨ͠஋ɼԼஈ͕ λεF = 0.215ʹΑͬͯิਖ਼͞Εͨ஋
Ͱ͋Δɽ[129]
µ1(T
−1) µ2(T−1) µ3(T−1) τ1 × 10−10(s) τ2 × 10−10(s) τ3 × 10−10(s)
Hartman [130] 11000 220 6780 4.4 21.6 4.4
ิਖ਼ޙͷ஋ µDirac 51150 1023 31527 20 100 20
meVɼεF ≃ 30meV4ʣΑΓɼਖ਼޸ͷ “ຊདྷ”ͷқಈ౓͸࣮ݧ஋Λ 1/λεF ≃ 12.0ഒͨ͠஋ͱ
ͳΔɽ
ࣗ༝ిࢠͷࣜΛ༻͍ͯղੳ࣮ͨ͠ݧ஋ͷқಈ౓µexpͱσΟϥοΫిࢠຊདྷͷқಈ౓µDirac
͸ิਖ਼ λεF Λ༻͍ͯɼµexp = λεFµDiracͷؔ܎ʹ͋ΔɽҰݟ͢Δͱɼैདྷͷқಈ౓ µexpΛ
σΟϥοΫిࢠͷқಈ౓ͱ࠶ఆٛ͠ɼϑΟοςΟϯάΛߦ͑͹ྑ͍Α͏ʹࢥ͑Δ5ɽ͔͠͠ɼ
࣮ࡍͷ࣓ؾ఍߅ͷղੳͰ͸ɼқಈ౓ µexpͷ୅ΘΓʹϑΣϧϛ଎౓ vFͱϑΣϧϛ೾਺ kFΛ
༻͍ͯղੳ͕͞ΕΔ͜ͱ΋͋Δ [3]ɽvF, kFͰղੳͨ݁͠Ռ͸ϑΣϧϛ໘ͷد༩Λߟྀͯ͠





4ࢀߟจݙ [132]ͷ “the Supplemental Material”Λࢀর
5ैདྷͷࣗ༝ిࢠͷқಈ౓Λ༻͍Ε͹ྑ͍ͱ͍͏͜ͱɽ
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εF
ε ∝ k2
ε = Δ + v2k2
μ はバンド端近傍で定義 







<latexit sha1_base64="8wovoRHBC0jueNDCQWGcIK bxbes=">AAACZnichVHLSsNAFD2Nr1pfVREFN8Wi6KbcdKO4Krpx2YfVQi0liWMNpklI0kIt/oDg1i5cKYiIn+ HGH3DRP1BcVnDjwts0ICrqHWbmzJl77pyZUW1Ddz2idkjq6x8YHAoPR0ZGx8YnopNTO65VczSR1yzDcgqq4gpDN 0Xe0z1DFGxHKFXVELvq0WZ3f7cuHFe3zG2vYYtSVamY+oGuKR5TuWV1pRyNU4L8iP0EcgDiCCJtRW+wh31Y0FB DFQImPMYGFLjcipBBsJkrocmcw0j39wVOEGFtjbMEZyjMHvFY4VUxYE1ed2u6vlrjUwzuDitjWKRHuqUOPdAdPd P7r7Wafo2ulwbPak8r7PLE6Vzu7V9VlWcPh5+qPz17OMCa71Vn77bPdG+h9fT141Ynt55dbC7RFb2w/0tq0z3f wKy/atcZkb1AhD9A/v7cP8FOMiFTQs4k46mN4CvCmMcClvm9V5HCFtLI87kVnOEcrdCTNC7NSLO9VCkUaKbxJaT YB7cvikU=</latexit><latexit sha1_base64="8wovoRHBC0jueNDCQWGcIK bxbes=">AAACZnichVHLSsNAFD2Nr1pfVREFN8Wi6KbcdKO4Krpx2YfVQi0liWMNpklI0kIt/oDg1i5cKYiIn+ HGH3DRP1BcVnDjwts0ICrqHWbmzJl77pyZUW1Ddz2idkjq6x8YHAoPR0ZGx8YnopNTO65VczSR1yzDcgqq4gpDN 0Xe0z1DFGxHKFXVELvq0WZ3f7cuHFe3zG2vYYtSVamY+oGuKR5TuWV1pRyNU4L8iP0EcgDiCCJtRW+wh31Y0FB DFQImPMYGFLjcipBBsJkrocmcw0j39wVOEGFtjbMEZyjMHvFY4VUxYE1ed2u6vlrjUwzuDitjWKRHuqUOPdAdPd P7r7Wafo2ulwbPak8r7PLE6Vzu7V9VlWcPh5+qPz17OMCa71Vn77bPdG+h9fT141Ynt55dbC7RFb2w/0tq0z3f wKy/atcZkb1AhD9A/v7cP8FOMiFTQs4k46mN4CvCmMcClvm9V5HCFtLI87kVnOEcrdCTNC7NSLO9VCkUaKbxJaT YB7cvikU=</latexit><latexit sha1_base64="8wovoRHBC0jueNDCQWGcIK bxbes=">AAACZnichVHLSsNAFD2Nr1pfVREFN8Wi6KbcdKO4Krpx2YfVQi0liWMNpklI0kIt/oDg1i5cKYiIn+ HGH3DRP1BcVnDjwts0ICrqHWbmzJl77pyZUW1Ddz2idkjq6x8YHAoPR0ZGx8YnopNTO65VczSR1yzDcgqq4gpDN 0Xe0z1DFGxHKFXVELvq0WZ3f7cuHFe3zG2vYYtSVamY+oGuKR5TuWV1pRyNU4L8iP0EcgDiCCJtRW+wh31Y0FB DFQImPMYGFLjcipBBsJkrocmcw0j39wVOEGFtjbMEZyjMHvFY4VUxYE1ed2u6vlrjUwzuDitjWKRHuqUOPdAdPd P7r7Wafo2ulwbPak8r7PLE6Vzu7V9VlWcPh5+qPz17OMCa71Vn77bPdG+h9fT141Ynt55dbC7RFb2w/0tq0z3f wKy/atcZkb1AhD9A/v7cP8FOMiFTQs4k46mN4CvCmMcClvm9V5HCFtLI87kVnOEcrdCTNC7NSLO9VCkUaKbxJaT YB7cvikU=</latexit><latexit sha1_base64="8wovoRHBC0jueNDCQWGcIK bxbes=">AAACZnichVHLSsNAFD2Nr1pfVREFN8Wi6KbcdKO4Krpx2YfVQi0liWMNpklI0kIt/oDg1i5cKYiIn+ HGH3DRP1BcVnDjwts0ICrqHWbmzJl77pyZUW1Ddz2idkjq6x8YHAoPR0ZGx8YnopNTO65VczSR1yzDcgqq4gpDN 0Xe0z1DFGxHKFXVELvq0WZ3f7cuHFe3zG2vYYtSVamY+oGuKR5TuWV1pRyNU4L8iP0EcgDiCCJtRW+wh31Y0FB DFQImPMYGFLjcipBBsJkrocmcw0j39wVOEGFtjbMEZyjMHvFY4VUxYE1ed2u6vlrjUwzuDitjWKRHuqUOPdAdPd P7r7Wafo2ulwbPak8r7PLE6Vzu7V9VlWcPh5+qPz17OMCa71Vn77bPdG+h9fT141Ynt55dbC7RFb2w/0tq0z3f wKy/atcZkb1AhD9A/v7cP8FOMiFTQs4k46mN4CvCmMcClvm9V5HCFtLI87kVnOEcrdCTNC7NSLO9VCkUaKbxJaT YB7cvikU=</latexit>
ਤ 3.5: όϯυ෼ࢄͱқಈ౓ͷؔ܎ɽқಈ౓͸όϯυ୺ͷ෼ࢄͰఆٛ͞ΕΔɽࣗ༝ిࢠόϯ
υ (a)Ͱ͸ɼόϯυ୺ۙ๣ͱϑΣϧϛΤωϧΪʔ෇ۙͰ೾਺ͷґଘੑʹҧ͍͸ͳ͍ɽσΟϥο


























































2∆͸όϯυΪϟοϓɼl͸ϥϯμ΢ྔࢠ਺ɼσ͸εϐϯͷූ߸ σ = ±1ɼmc(Mc)͸ిࢠʢਖ਼
޸ʣͷαΠΫϩτϩϯ༗ޮ࣭ྔɼmz(Mz)͸࣓৔ʹฏߦͳํ޲ͷ༗ޮ࣭ྔɼkz͸࣓৔ʹฏ
ߦͳ೾਺੒෼ͷେ͖͞ɼε0͸σΟϥοΫిࢠͷόϯυ୺ͱਖ਼޸ͷόϯυ୺ͷΤωϧΪʔࠩɼ
g͸༗ޮ gҼࢠɼme͸ిࢠͷ੩ࢭ࣭ྔɼµB͸ϘʔΞ࣓ࢠɼβ0͸ β0 = 2µBͰ͋Δɽ͜͜Ͱ



















͕੒ཱ͢ΔɽಛʹྔࢠۃݶͰ͸ɼ࠷௿ϥϯμ΢४Ґ (l,σ) = (0,−1)ʹͷΈʹిࢠ͸઎༗͞
ΕΔ͜ͱ͔Βɼࣜ (4.4)͸
keF(0,−1) = khF(0,−1) (4.5)
ͱͳΔɽ൒ۚଐͷϑΣϧϛΤωϧΪʔΛཧ࿦తʹܭࢉ͢Δ৔߹͸ɼࣜ (4.4)Λຬͨ͢Α͏
ʹɼεFΛܾΊΔɽࣜ (4.1)ɼ(4.2)ɼ(4.4)͔Βܭࢉ͞ΕΔΤωϧΪʔͷ࣓৔ґଘੑͱΩϟϦ
Ξີ౓ n(B), p(B)ͷ࣓৔ґଘੑΛਤ 4.1ɼ4.2ʹࣔ͢ɽਤ 4.1͔Βɼిࢠ͸B ≃ 7Tɼਖ਼޸
͸B ≃ 12TͰྔࢠۃݶʹ౸ୡ͢Δ͜ͱ͕Θ͔Δɽྔࢠۃݶ౸ୡޙɼిՙதੑ৚݅ʢn = pʣ
ΛकΔͨΊʹ εF͸ݮগ͢Δ2ɽҰํɼΩϟϦΞີ౓ n(B), p(B)͸ࣜ (4.3)ͷ܎਺ eB/2π!2
ʹΑͬͯ૿Ճ͢Δʢਤ 4.2ʣɽΩϟϦΞີ౓ͷ࣓৔ґଘੑ͕૿ՃͱݮগͲͪΒͷ܏޲Λࣔ͢
͔͸ɼBͱ kFͷͲͪΒ͕ࢧ഑త͔Ͱܾ·ΔɽҎԼͰ͸ɼࣜ (4.1)ɼ(4.4)͔Βɼྔࢠۃݶʹ
͓͚ΔϑΣϧϛ೾਺Λܭࢉ͢Δɽࣜ (4.5)͕੒Γཱͭͱ͖ɼࣜ (4.1)ɼ(4.4)தͷ εD, εQ = εF















































ζ(B) ∝ B1 ͔ΒɼkF ∝
√
a0 + a1B ͷܗͰද͢͜ͱ͕Ͱ͖Δ3ɽࣜ (4.3)͔Βྔࢠۃݶʹ
͓͚ΔΩϟϦΞີ౓͸ n(B) ∝ BkFͱͳΓɼkFΑΓ΋Bͷํ͕ࢧ഑తͰ͋Δ͜ͱ͕Θ͔
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ਤ 4.2: ΩϟϦΞີ౓ͷ࣓৔ґଘੑ [129]













࣓৔தʹ͓͚Δ଎౓ԋࢉࢠ͸ vˆi = !−1∂Hˆ /∂πiͰ͋Δ (mc͸αΠΫϩτϩϯ༗ޮ࣭ྔ)ɽ















(a+ − a−) (4.12)
ͱͳΔɽࣜ (4.11)͔Βɼϥϯμ΢ྔࢠ਺ lɼεϐϯͷූ߸σͷঢ়ଶ |l,σ⟩ͷ଎౓ ⟨l′,σ′| vˆx |l,σ⟩ɼ
⟨l′,σ′| vˆy |l,σ⟩͸࣍ࣜͰද͞ΕΔ






l + 1δl′l+1 +
√
lδl′l−1)δσ′σ (4.13)










ભҠͷબ୒ଇ΋ཧղ͢Δ͜ͱ͕Ͱ͖Δɽࣜ (4.13)ɼ(4.14)͸ l′ = l ± 1ͷ৔߹͚ͩ༗ݶͳ









∆ iv0π · σ







⎛⎝ φu−iv0(π · σ)φu
ε+∆
⎞⎠ . (4.16)
ͨͩ͠ɼσi(i = x, y, z)͸ύ΢Ϧεϐϯߦྻɼv0͸ v20 = ∆/mcͰఆٛ͞ΕΔ଎౓ͷେ͖͞







Ͱ͋Δɽࣜ (4.16)ɼ(4.17)ΑΓ଎౓੒෼ ⟨ψξ| vˆx |ψζ⟩͸




























ͱͳΔɽύ΢Ϧεϐϯʹؔ͢Δަ׵ؔ܎ σµσν − σµσν = 2iεµνλσλͱɼ൓ަ׵ؔ܎ σµσν +


















(εξ + εζ + 2∆)
∑
µ πµ(σxσµ + σµσx) + (εξ − εζ)
∑




(εξ + εζ + 2∆)πx + i(εξ − εζ)(πyσz − πzσy)
(εξ +∆)(εζ +∆)
(4.19)












(σ+ + σ−) σy = − i
2
(σ+ − σ−) (4.21)
ͱஔ͖׵͑Δ͜ͱ͕ՄೳͰ͋Δɽπ+,π−,σ+,σ−͸ɼͦΕͧΕΛ |n, kz,σ⟩ʹ࡞༻ͤ͞Δͱ
࣍ࣜΛຬͨ͢ԋࢉࢠͰ͋Δ
π+ |n, kz,σ⟩ =
√
mc!ωc(n+ 1) |n+ 1, kz,σ⟩ (4.22)
π− |n, kz,σ⟩ =
√
mc!ωcn |n− 1, kz,σ⟩ (4.23)
σ+ |n, kz,σ⟩ =
{
0 (σ = +1)
2 |n, kz,−σ⟩ (σ = −1) (4.24)
σ− |n, kz,σ⟩ =
{
2 |n, kz,−σ⟩ (σ = +1)
0 (σ = −1) . (4.25)
ࣜ (4.19)–(4.25)͔Βɼ⟨ψξ| = ⟨l′, k′z,σ′|ɼ|ψζ⟩ = |l, kz,σ⟩ͱ͢Δͱࣜ (4.18)͸










(εl′σ′ + εlσ + 2∆)
(√




+ σ (εl′σ′ − εlσ)
(√




− σ (εl′σ′ − εlσ) !kzδl′lδσ′−σ
]
(4.26)














(εl′σ′ + εlσ + 2∆)
(√




+σ (εl′σ′ − εlσ)
(√








͕ಘΒΕΔɽεlσ ͸ঢ়ଶ |l,σ⟩ ͷݻ༗ΤωϧΪʔΛද͢ɽࣜ (4.13)ɼ(4.14) ͱࣜ (4.26)ɼ
(4.28)ΛͦΕͧΕൺֱ͢ΔͱɼσΟϥοΫిࢠͷ଎౓͸ͱͯ΋ෳࡶͳࣜͰද͞Ε͍ͯΔɽ

















(f1 − f2 − σf3) + if4 (4.30)
f1 = F(ω, εl,σ, εl+1σ)(A(εlσ, εl+1σ))2mc!ωc(l + 1) [(εl+1σ + εlσ + 2∆) + σ(εl+1σ − εlσ)]2
(4.31)
f2 = F(ω, εlσ, εl−1σ)(A(εlσ, εl−1σ))2mc!ωcl [(εl−1σ + εlσ + 2∆)− σ(εl−1σ − εlσ)]2
(4.32)




F(!ω,−ε0+, ε0−)(ε0+ + ε0−)
ε0+
(4.34)
Ͱ͋ΔɽF(ω, ε1, ε2)͸άϦʔϯؔ਺෦෼ (ࣜ (2.70))ɼf1, f2͸يಓભҠɼf3, f4͸εϐϯ




ਤ 4.1ɼ4.2ͷϑΣϧϛΤωϧΪʔ εFͱΩϟϦΞີ౓ n(B)͔ΒɼಘΒΕͨσΟϥοΫ
ిࢠͷ఻ಋ౓ σDxx,σ
D

























































































͜͜Ͱ͸ɼิਖ਼ λεFٴͼ࣓৔ґଘ͢ΔΩϟϦΞີ౓ n(B), p(B)Λ༻͍ͨϘϧπϚϯཧ࿦
ͷܭࢉ͔Βɼྔࢠۃݶʹ͓͚Δ࣓ؾ఍߅ͷੑ࣭Λٞ࿦͢Δɽਤ 4.2Ͱࣔͨ͠Α͏ʹɼྔࢠ
ۃݶʹ͓͚Δ൒ۚଐͷΩϟϦΞີ౓͸ڧ͍࣓৔ґଘੑΛࣔ͢ɽ͜ͷޮՌΛߟྀ࣓ͨ͠ؾ఍
߅ ρD+Qxx ͱϗʔϧ఍߅ ρ
D+Q
yx Λਤ 4.4ʹࣔ͢ɽిࢠ͕ྔࢠۃݶ౸ୡͨ͠ B > 7TͰ ρ
D+Q
xx
͸࣓৔ʹରͯ͠ઢܗʹ૿Ճ͢Δʢਤ 4.4(a)ʣɽ·ͨɼϗʔϧ఍߅ ρD+Qyx ͷ࣓৔ґଘੑ͸ɼྔ
ࢠۃݶ౸ୡޙ͸খ͘͞ͳΔʢਤ 4.4(b)ʣɽ͜ͷ;Δ·͍ͷݪҼ͸ɼ࣍ͷΑ͏ʹཧղͰ͖Δɽ











































































































ਤ 4.4: (a)࣓ؾ఍߅ ρD+Qxx ͷ࣓৔ґଘੑɼ(b)ϗʔϧ఍߅ ρ
D+Q
yx ͷ࣓৔ґଘੑɽʢ࣮ઢʣΩϟ
ϦΞີ౓ n(B), p(B)ٴͼิਖ਼ λεF ͷ࣓৔ґଘੑΛߟྀͨ͠ ρ
D+Q
ij ʢഁઢʣn, p,λεF ͷ࣓৔
ґଘੑΛߟྀ͠ͳ͍ ρD+Qij ʢn = p = 1.0 × 1017cm−3ɼλεF = 0.2119ʣɽ֤ਤதͷૠೖਤ
͸ɼͦΕͧΕͷάϥϑΛ྆ର਺Ͱϓϩοτͨ͠άϥϑͰ͋Δɽ͢΂ͯͷ࣓৔Ͱిࢠͱਖ਼޸
ͷΩϟϦΞີ౓͸ n(B) = p(B)Λຬͨ͢ɽిࢠͱਖ਼޸ͷқಈ౓͸ͦΕͧΕ µ0 = 100T−1ɼ
ν0 = 10T−1ͱͨ͠ɽ[129]
4.4. ྔࢠۃݶʹ͓͚Δ࣓ؾ఍߅ 87



















xx ͷൺֱΛߦͬ ʢͨਤ 4.5ʣɽ࣓৔ʢB = 0Tʣ

























ʹ “֦ுσΟϥοΫ໛ܕ”ΛఏҊ͠ɼ࣮ݧ݁ՌΛཧ࿦తʹઆ໌ͨ͠ [52, 134]ɽ
εϐϯ෼྾͕࣓৔ͷҰ࣍ઁಈͷޮՌʹΑͬͯੜͨ͡ͱߟ͑Δͱɼઁಈ߲H ′ͷޮՌ͸࣍
ࣜͰද͞ΕΔ [74, 144–146]ɽ




σ ͸εϐϯͷූ߸ ɼβ0 ͸ϘʔΞ࣓ࢠͷ̎ഒʢβ0 = 2µBʣɼB ͸࣓৔ͷେ͖͞ɼg′ ͸෇
Ճ gҼࢠΛද͍ͯ͠Δɽ֦ுσΟϥοΫ໛ܕ͸Wolﬀ໛ܕHWͱH ′ͷ࿨Ͱද͞ΕΔ͔Β






















ྔςϯιϧ mˆͱ෇Ճ gҼࢠςϯιϧ gˆ′Λ༻͍ͯɼ࣍ࣜͰද͞ΕΔɽ






g′ = b · gˆ′ · b (5.5)
90 ୈ 5ষ ϏεϚεͷ࣓ؾ఍߅
ϏεϚεͷిࢠϑΣϧϛ໘͸ɼe1ͷϑΣϧϛ໘Λ Trigonal࣠ʹରͯ͠∓120◦ճసͤ͞
Δͱ e2ɼe3ͷϑΣϧϛ໘ͱॏͳΔ ʢਤ 5.1ʣɽe1ͷ༗ޮ࣭ςϯιϧ mˆͱ෇Ճ gҼࢠςϯ
ιϧ gˆ′͸࣍ࣜͰද͞ΕΔ
mˆ =




⎛⎜⎝ g′1 0 00 g′2 g′4
0 g′4 g′3
⎞⎟⎠ . (5.7)



























+ (β0V B)2, (5.10)
g˜′ = g′
(






















92 ୈ 5ষ ϏεϚεͷ࣓ؾ఍߅












͍ͯΔɽຊݚڀͰ͸ɼ֦ுσΟϥοΫ໛ܕʢࣜ (5.2)ʣͱ SBR໛ܕʢࣜ (4.2)ʣΛ༻͍ͯɼ
ϏεϚεͷిࢠঢ়ଶΛ࣓ؾ఍߅ͷܭࢉʹ൓өͤͨ͞ɽ
5.2 ΤωϧΪʔͱΩϟϦΞີ౓ͷ࣓৔ґଘੑ




















V 0.15 V ′ -0.0625
2∆(meV) 15.3







ද 5.3: ిࢠ (e1)ͱਖ਼޸ (h)ͷқಈ౓ µi, νi(୯ҐɿT−1)ɽදͷ஋͸J//BinɼT=10KɼB =
0.5TͰ࣮ݧతʹܾΊΒΕͨϏεϚεͷқಈ౓Ͱ͋Δɽe2ɼe3ͷқಈ౓͸ࣜ (2.168)Λܭࢉ
ͯ͠ಘΔɽ[9]ɽ
ిࢠ (e1) ਖ਼޸ (h)
µ1 400
µ2 20 ν1 = ν2 60
µ3 350 ν3 20
µ4 -40
ද 5.1ɼ5.2ɼࣜ (4.2)ɼ(5.2)-(5.13)͔ΒΤωϧΪʔͱΩϟϦΞີ౓ͷ࣓৔ґଘੑͷ;Δ






ද 5.3ʹ e1ɼhͷқಈ౓ µi, νiΛࣔ͢ɼe2ɼe3ͷқಈ౓͸ɼࣜ (5.8)͔Βܭࢉ͠ɼρ
D+Q
xx




−1)ɼµ′2 = 93(T−1)ɼµ′3 = 1628(T−1)ɼµ′4 =
−186(T−1)ͱͳΔɽ
ද 5.3ɼਤ 5.4͔Β ρD+Qxx , ρ
Q+Q
xx ͷ;Δ·͍Λௐ΂ͨʢਤ 5.5ʣɽྔࢠۃݶྖҬʢB > 8Tʣ
ʹ͓͍ͯɼρD+Qxx ͸ ρ
Q+Q
xx ΑΓ΋খ͍͞஋ΛͱΓɼೋͭͷࠩ∆ρxx = |ρQ+Qxx −ρD+Qxx |͸࣓৔
ʹൺྫͯ͠େ͖͘ͳΔɽ͜Ε͸ɼ࣍ͷΑ͏ʹཧղͰ͖ΔɽB ∥Trigonal࣠ʹ͓͍ͯɼྔࢠ
ۃݶͰϑΣϧϛΤωϧΪʔʢਤ 5.4(a)ʣ͸࣓৔ʹରͯ͠ઢܗʹ૿Ճ͢ΔʢεF ∝ B1ʣɽΑͬ
ͯɼ૬ର࿦ิਖ਼ λεF ͸ λεF ∝ B−1ͱͳΔɽ·ͨɼΩϟϦΞີ౓΋࣓৔ʹઢܗͰ૿Ճ͢Δ͜
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<latexit sha1_base64="iOf/9W0O0b3tLiJs9V0PunMN3dk=">AAACiXichVHLLgRBFD3au70GG4mNGEQsJ rdZkFlN2Fh6DRIjk+5WRkVPdevumWRM/IAfsLAiEREbW7Y2fsDCJ4gliY2FOz2deAW3UlWnTt1z61SV5TkyCIkeGrTGpuaW1rZ2vaOzq7sn0du3Grgl3xZZ23Vcf90yA+FIJbKhDB2x7vnCLFqOWLN252r7a2XhB9JVK2HFE5 tFs6DktrTNkKl8YiRniYJUVbGnTN83KxMH+hTpOaG2PlH5RJJSFMXQT2DEIIk4FtzEOXLYggsbJRQhoBAydmAi4LYBAwSPuU1UmfMZyWhf4AA6a0ucJTjDZHaXxwKvNmJW8bpWM4jUNp/icPdZOYRRuqcLeqY7uqRHevu1VjW qUfNS4dmqa4WX7zkcWH79V1XkOcTOh+pPzyG2MRN5lezdi5jaLey6vrx/9LycXhqtjtEpPbH/E3qgW76BKr/YZ4ti6Rg6f4Dx/bl/gtXJlEEpY3EymZmNv6INgxjGOL/3NDKYxwKyfO4hrnCNG61DM7QZLV1P1RpiTT++hDb3 DmHml4M=</latexit>
<latexit sha1_base64="KrsrvfCDQ+G7DoUgdd7HX Oh1hcU=">AAACiHichVG7SgNBFD2ur7i+ojaCjRgUsQh3bXxUoo2lr6hgRHbXMQ7ZzK67m0AM+QD9AQsrBRG xsNXaxh+w8BPEUsHGwpvNgi/UO8zMmTP33DkzY3mODEKihwatsam5pTXRprd3dHZ1J3t6VwO36NsiY7uO669b ZiAcqUQmlKEj1j1fmAXLEWtWfq62v1YSfiBdtRKWPbFZMHNK7kjbDJnaSqaylshJVRF7yvR9szxW1UnPCrX9 ieEsSlMUgz+BEYMU4lhwk+fIYhsubBRRgIBCyNiBiYDbBgwQPOY2UWHOZySjfYEqdNYWOUtwhslsnsccrzZiV vG6VjOI1Daf4nD3WTmIYbqnC3qmO7qkR3r7tVYlqlHzUubZqmuFt9V92L/8+q+qwHOI3Q/Vn55D7GAy8irZu xcxtVvYdX1p/+h5eXppuDJCp/TE/k/ogW75Bqr0Yp8tiqVj6PwBxvfn/glWx9MGpY3F8dTMbPwVCQxgCKP83h OYwTwWkOFzD3CFa9xoukbahDZVT9UaYk0fvoQ2+w7LwZdG</latexit>
<latexit sha1_base64="XbuXJJWu7ikqPwEFkOPwO cxT+ms=">AAACiHichVHLLgRBFD3aa7TXYCOxERMiFpPbIvFYTdhYeg0SI9LdyqjoqW7dPZOMiQ/gByysSET Ewpa1jR+w8AliSWJj4U5PJ17BrVTVqVP33DpVZXmODEKihzqtvqGxqTnRore2tXd0Jru6lwO36Nsia7uO669a ZiAcqUQ2lKEjVj1fmAXLESvWzkx1f6Uk/EC6aikse2K9YOaV3JK2GTK1kUzlLJGXqiJ2len7ZnlkXx/Tc0Jt fmI4i9IURf9PYMQghTjm3OQ5ctiECxtFFCCgEDJ2YCLgtgYDBI+5dVSY8xnJaF9gHzpri5wlOMNkdofHPK/WY lbxuloziNQ2n+Jw91nZj0G6pwt6pju6pEd6+7VWJapR9VLm2apphbfRedi7+PqvqsBziO0P1Z+eQ2xhIvIq2 bsXMdVb2DV9ae/oeXFqYbAyRKf0xP5P6IFu+Qaq9GKfzYuFY+j8Acb35/4JlkfTBqWN+dFUZjr+igT6MIBhfu 9xZDCLOWT53ANc4Ro3mq6RNq5N1lK1uljTgy+hTb8D1AGXSg==</latexit>
<latexit sha1_base64="Mn189qAxoDQEeEQRNDRYA 9rcwk8=">AAACiHichVG7SgNBFD2ur7i+ojaCjRgUsQh3bXxUQRtLX1HBiOyuYxyymV13N4EY/AD9AQsrBRG xsNXaxh+w8BPEUsHGwpvNgi/UO8zMmTP33DkzY3mODEKihwatsam5pTXRprd3dHZ1J3t6VwK35Nsia7uO669Z ZiAcqUQ2lKEj1jxfmEXLEatWYba2v1oWfiBdtRxWPLFRNPNKbkvbDJnaTKZylshLVRW7yvR9szK2r0/qOaG2 PjGcRWmKYvAnMGKQQhzzbvIcOWzBhY0SihBQCBk7MBFwW4cBgsfcBqrM+YxktC+wD521Jc4SnGEyW+Axz6v1m FW8rtUMIrXNpzjcfVYOYpju6YKe6Y4u6ZHefq1VjWrUvFR4tupa4W12H/Yvvf6rKvIcYudD9afnENuYjLxK9 u5FTO0Wdl1f3jt6XppeHK6O0Ck9sf8TeqBbvoEqv9hnC2LxGDp/gPH9uX+ClfG0QWljYTyVmYm/IoEBDGGU33 sCGcxhHlk+9wBXuMaNpmukTWhT9VStIdb04UtoM+/cQZdO</latexit>
<latexit sha1_base64="b1calaKtKsrBDQYq34jLG V9z9EA=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIRbibRrEK2lj6igpGwu46xsHN7Lq7CcSQH/AHLKwURMT GVlsbf8DCTxBLBRsLbzYLvlDvMDNnztxz58yM5TkyCIkemrTmlta29o5Ovau7p7cv0T+wFrgl3xZZ23Vcf8My A+FIJbKhDB2x4fnCLFqOWLf25uv762XhB9JVq2HFE1tFs6DkjrTNkKl8YixniYJUVbGvTN83K1M13UjrOaG2 P1H5RJJSFMXIT2DEIIk4Ft3EOXLYhgsbJRQhoBAydmAi4LYJAwSPuS1UmfMZyWhfoAadtSXOEpxhMrvHY4FXm zGreF2vGURqm09xuPusHME43dMFPdMdXdIjvf1aqxrVqHup8Gw1tMLL9x0Orbz+qyryHGL3Q/Wn5xA7mIm8S vbuRUz9FnZDXz44el6ZXR6vTtApPbH/E3qgW76BKr/YZ0ti+Rg6f4Dx/bl/grV0yqCUsZROZubir+jAMEYxye 89jQwWsIgsn3uIK1zjRuvSDG1Gm22kak2xZhBfQpt/B2Hkl4M=</latexit>
<latexit sha1_base64="zKDmNlWk75ETHjBQvzs8J KauOOw=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIRbhro1gFbSx9RQUjYXcd45DN7Lq7CcSQH/AHLKwURMT GVlsbf8DCTxBLBRsLbzYLvlDvMDNnztxz58yM5TkyCIkemrTmlta29o5Ovau7p7cv0T+wHrgl3xYZ23Vcf9My A+FIJTKhDB2x6fnCLFqO2LAKC/X9jbLwA+mqtbDiie2imVdyV9pmyFQuMZa1RF6qqthXpu+blamabpCeFWrn E5VLJClFUYz8BEYMkohjyU2cI4sduLBRQhECCiFjByYCblswQPCY20aVOZ+RjPYFatBZW+IswRkmswUe87zai lnF63rNIFLbfIrD3WflCMbpni7ome7okh7p7dda1ahG3UuFZ6uhFV6u73Bo9fVfVZHnEHsfqj89h9jFbORVs ncvYuq3sBv68sHR8+rcynh1gk7pif2f0APd8g1U+cU+WxYrx9D5A4zvz/0TrE+nDEoZy9PJ9Hz8FR0Yxigm+b 1nkMYilpDhcw9xhWvcaF2aoc1qc41UrSnWDOJLaAvvXcSXgQ==</latexit>
<latexit sha1_base64="SIURbHZmm3lcmY++OCInc NACwpQ=">AAACiHichVHLLgRBFD3aa7TXYCOxERMiFpPbFl6rCRtLr0FiRLpbGRU91a27Z5Ix8QH8gIUViYh Y2LK28QMWPkEsSWws3OnpxCu4lao6deqeW6eqLM+RQUj0UKfVNzQ2NSda9Na29o7OZFf3cuAWfVtkbddx/VXL DIQjlciGMnTEqucLs2A5YsXamanur5SEH0hXLYVlT6wXzLySW9I2Q6Y2kqmcJfJSVcSuMn3fLI/s62N6TqjN TwxnUZqi6P8JjBikEMecmzxHDptwYaOIAgQUQsYOTATc1mCA4DG3jgpzPiMZ7QvsQ2dtkbMEZ5jM7vCY59Vaz CpeV2sGkdrmUxzuPiv7MUj3dEHPdEeX9Ehvv9aqRDWqXso8WzWt8DY6D3sXX/9VFXgOsf2h+tNziC1MRF4le /cipnoLu6Yv7R09L04tDFaG6JSe2P8JPdAt30CVXuyzebFwDJ0/wPj+3D/B8mjaoLQxP5rKTMdfkUAfBjDM7z 2ODGYxhyyfe4ArXONG0zXSxrXJWqpWF2t68CW06XfYIZdM</latexit>
<latexit sha1_base64="CDNUpy5T+TpgayEcmJwl7 zpF3/w=">AAACiHichVG7SgNBFD2u7/UVtRFsxKCIRbibxkclsbH0FRWMyO46xsHN7Lq7CcTgB+gPWFgpiIi FrdY2/oBFPkEsFWwsvNks+EK9w8ycOXPPnTMzlufIICSqNmiNTc0trW3tekdnV3dPordvJXCLvi2ytuu4/ppl BsKRSmRDGTpizfOFWbAcsWrtztb2V0vCD6SrlsOyJzYKZl7JbWmbIVObiWTOEnmpKmJPmb5vlscP9LSeE2rr E8NZlKIohn4CIwZJxDHvJi6QwxZc2CiiAAGFkLEDEwG3dRggeMxtoMKcz0hG+wIH0Flb5CzBGSazuzzmebUes 4rXtZpBpLb5FIe7z8ohjNADXdIz3dMVPdLbr7UqUY2alzLPVl0rvM2eo4Gl139VBZ5D7Hyo/vQcYhuTkVfJ3 r2Iqd3CrutL+8fPS9OLI5VROqMn9n9KVbrjG6jSi32+IBZPoPMHGN+f+ydYSacMShkL6eRMJv6KNgxiGGP83h OYwRzmkeVzD3GNG9xqukbahDZVT9UaYk0/voSWeQfP4ZdI</latexit>
<latexit sha1_base64="//ploWX5z/WHVVlKvqySw3R4qfI=">AAACkXicSyrIySwuMTC4ycjEzMLKxs7By cXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxCSlpmfmVacW5iUWFSVWatVyOVXHFOUqaIRo1nLFpOalIEnFCygb6BmAgQImwx DKUGaAgoB8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNG bWhDP3yUR/J2grlwgXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdXKFRwcEgzaDEoAEMb3MGBwYPhgCGUKC9kxh2MBxkOMQk zGTJ5MDkBFHKxAjVI8yAApi8AbOXmq0=</latexit>
<latexit sha1_base64="+DivowOjq4m00Hko3DZs/u cOzVw=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIRbgrgpIqaGPpKyoYCbvrGAc3s+vuJhCDP+APWFgpiIiNrb Y2/oCFnyCWCjYW3mwWfKHeYWbOnLnnzpkZy3NkEBI9NGiNTc0trW3tekdnV3dPordvNXBLvi2ytuu4/rplBsKRS mRDGTpi3fOFWbQcsWbtztX218rCD6SrVsKKJzaLZkHJbWmbIVP5xEjOEgWpqmJPmb5vViYOdGNKzwm19YnKJ5KU oiiGfgIjBknEseAmzpHDFlzYKKEIAYWQsQMTAbcNGCB4zG2iypzPSEb7AgfQWVviLMEZJrO7PBZ4tRGzite1mk GktvkUh7vPyiGM0j1d0DPd0SU90tuvtapRjZqXCs9WXSu8fM/hwPLrv6oizyF2PlR/eg6xjZnIq2TvXsTUbmHX9 eX9o+fl9NJodYxO6Yn9n9AD3fINVPnFPlsUS8fQ+QOM78/9E6xOpgxKGYuTycxs/BVtGMQwxvm9p5HBPBaQ5XM PcYVr3GgdmqHNaOl6qtYQa/rxJbS5d2YEl4U=</latexit>
<latexit sha1_base64="V5johmN+INQZ17ZCegj162UORdE="></latexit>
<latexit sha1_base64="NPm+K7NT8Y10lAdrlMHDF9B5CFM=">AAACmHichVFNTxRBEH0MCDgKLHoxetmwwRBCN jXLQeJpE0nUGywukLBkMzMUS4eZnrFndpNlwx/wDxjiSRNjjD/Cgxf4AR74CcYjJF48WDM7iR9ErclUv35dr/p1txcHKkmJzkes0bFr4xOT1+0bN6emZ0qztzaTqGt8bvpREJltz004UJqbqUoD3o4Nu6EX8JZ3+Chb3+qxSVSkn6X9mH dDt6PVvvLdVKh2abnlcUfpAT/XrjFuf/HYbpmwzG1nSVItS8t2i/XeLxXtUoWqlEf5KnAKUEERa1HpHVrYQwQfXYRgaKSCA7hI5NuBA0Is3C4GwhlBKl9nHMMWbVeqWCpcYQ8ld2S2U7Ba5lnPJFf7sksgvxFlGfP0md7TBZ3SB/pC3// aa5D3yLz0ZfSGWo7bMy/ubHz7ryqUMcXBT9U/PafYx0ruVYn3OGeyU/hDfe/o5cXGw8b84D69oa/i/zWd0yc5ge5d+m/XufEKtjyA8+d1XwWbtapDVWe9VqmvFk8xiXuYw4Lc9wPU8QRraMq+J/iIU5xZd6269dh6Oiy1RgrNbfwWVuMH VwmcjQ==</latexit>







<latexit sha1_base64="//ploWX5z/WHVVlKvqySw3R4qfI=">AAACkXicSyrIySwuMTC4ycjEzMLKxs7BycX Nw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxCSlpmfmVacW5iUWFSVWatVyOVXHFOUqaIRo1nLFpOalIEnFCygb6BmAgQImwxDKUGaA goB8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR /J2grlwgXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdXKFRwcEgzaDEoAEMb3MGBwYPhgCGUKC9kxh2MBxkOMQkzGTJ5MDkBFHKx AjVI8yAApi8AbOXmq0=</latexit>
<latexit sha1_base64="F9iW9IqRPDDMfzXmjqH3kl+rUTY=">AAACmnichVFBSxtBGH2utWqqNdqLYA+hwVJ aCN8KoniSlkLFi1GjgrFhdx2TIbuz6+wmmC75A/0DPXhSKEX6K0ovRc89+BOKR4VeevDLZsGqqN8wM2/efO+bNzN24MowIjrtMXof9T3uHxjMPBkafjqSHR1bC/2GdkTJ8V1fb9hWKFypRCmSkSs2Ai0sz3bFul1/19lfbwodSl+t Rq1AbHlWVckd6VgRU5XsdNkWValisassra3W63amrGt+Jd7ba3+My9rLFd8UmRNq+7+cSjZPBUoidxuYKcgjjSU/+w1lbMOHgwY8CChEjF1YCLltwgQhYG4LMXOakUz2BdrIsLbBWYIzLGbrPFZ5tZmyitedmmGidvgUl7tmZQ6T 9JuO6Jx+0Xf6Q//urBUnNTpeWjzbXa0IKiOfx1f+PqjyeI5Qu1Ld6znCDmYTr5K9BwnTuYXT1Tc/fTlfmVuejF/SIZ2x/wM6pZ98A9W8cL4WxfI+MvwB5s3nvg3WpgomFcziVH7+ffoVA5jAC7zi957BPD5gCSU+dx8/cIwT47nx1 lgwFrupRk+qeYZrYaxeAiHknzc=</latexit>
















   D+Q
   Q+Q
<latexit sha1_base64="/feLaHhvdc4HMFBhroYG4Ua i/+A=">AAAClXichVHLShxBFD124iMdH2OySCCbJoMiWYy33SiBgMQH7uJrVHBk6G7LsbC7ulPdMzBp5gf8ALPIS iFIyC9kFxLyA1n4CSFLA25ceKenwRea23TVqXPvuXWqyo18GSdEJ13Gg4fdPb19j8zH/QODQ4XhJ2txWNeeKHuhH+ oN14mFL5UoJzLxxUakhRO4vlh392ba+fWG0LEM1WrSjMRW4NSU3JGekzBVLVDFFTWpUvFeOVo7zVct8601Pm6lFR 1Yq1q2zIpQ21fS1UKRSpSFdRvYOSgij8WwcIwKthHCQx0BBBQSxj4cxPxtwgYhYm4LKXOakczyAi2YrK1zleAKh9k 9Hmu82sxZxet2zzhTe7yLz79mpYUR+k1f6JR+0Vf6Q+d39kqzHm0vTZ7djlZE1aH95ytn/1UFPCfYvVTd6znBDqYy r5K9RxnTPoXX0Tc+fDxdeb08ko7SEf1l/4d0Qt/5BKrxz/u8JJY/weQHsG9e922wNlGyqWQvTRSn5/Kn6MMLvMQY 3/ckprGARZR53wN8ww/8NJ4Zb4xZY75TanTlmqe4Fsa7C9Hnm/0=</latexit>
QL











ρD+Qxx ͷܭࢉͰ͸ µ′ij = µij/λεF(B = 0)Λɼρ
Q+Q
xx ͷܭࢉͰ͸ µij Λ࢖༻ͨ͠ɽ











→ const. (B →∞) (5.14)
૬ର࿦ิਖ਼ͷͳ͍ρQ+Qxx Ͱܭࢉͨ͠ϏεϚεͷ࣓ؾ఍߅͸ɼલষͱಉ༷ρ
Q+Q
xx ∝ B2/n(B) =
B1ͱͳΔɽҎ্ΑΓɼϏεϚεͰ͸ิਖ਼ λεF = ∆/εFͷ༗ແͰɼྔࢠۃݶͷ࣓ؾ఍߅ʹ
ҧ͍͕ൃੜ͢Δ͜ͱ͕ɼຊݚڀͰ໌Β͔ͱͳͬͨɽ·ͨɼࣜ (5.14)͸ɼ൒ۚଐϏεϚεͷ
࣓ؾ఍߅͕ྔࢠۃݶͰ๞࿨͢Δ͜ͱ΋͍ࣔͯ͠Δ2ɽΑΓڧ࣓৔ྖҬͷ࣓ؾ఍߅Λܭࢉ͢








͖͍ʢਤ 5.7ʣɽ͜Ε͸ɼܭࢉʹ༻͍ͨқಈ౓ͷ஋ʢද 5.3ʣ͕ɼB = 0.5Tͷଌఆ݁Ռ͔
2ैདྷͷཧ࿦Ͱ͸ɼిՙதੑ৚݅ n = pΛຬͨ͢൒ۚଐ͸ɼඇ๞࿨࣓ؾ఍߅Λࣔ͢ɽ
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QL
ਤ 5.6: ௒ڧ࣓৔ʢB > 30Tʣͷ࣓ؾ఍߅ ρD+Qxx ɿB > 60TͰ࣓ؾ఍߅͕๞࿨͍ͯ͠Δ͜
ͱ͕Θ͔Δɽ
ද 5.4: ڧ࣓৔ʢB > 10TʣͰϑΟοςΟϯά͞Εͨిࢠ (e1)ͱਖ਼޸ (h)Λқಈ౓ µi, νi(୯
ҐɿT−1)ɿ͜ͷ஋͸ɼਤ 5.7ͱϏεϚεͷ ρD+Qxx ͕Ұக͢ΔΑ͏ʹɼࠓճௐ੔ͨ͠ɽͨͩ
͠ɼ࣮ࡍͷܭࢉʹ࢖༻͢Δిࢠͷқಈ౓ µ′i͸ µ′i = µi/λεF Ͱ͋Δɽ
ిࢠ (e1) ਖ਼޸ (h)
µ1 52
µ2 2.6 ν1 = ν2 7.8
µ3 45.5 ν3 2.6
µ4 -5.2
ΒϑΟοςΟϯά͞Εͨқಈ౓ͷ஋Λࢀߟʹ͍ͯ͠Δ͔ΒͰ͋Δɽқಈ౓͸࣓৔ʹґଘ͢
ΔͷͰɼB = 0.5Tͷ৔߹ʹൺ΂ͯB > 10Tͷқಈ౓͸খ͞ͳ஋Λࣔ͢͸ͣͰ͋Δɽ
ද 5.4ͷқಈ౓ µi, νiΛ༻͍ͨͱ͜ΖɼB <30TͷྖҬͰఆྔతʹ΋࣮ݧͱҰக͢Δܭ
ࢉ݁ՌΛಘͨʢਤ 5.8ʣɽಛʹڻ͘΂͖఺͸ɼB = 15T-30TͰཧ࿦ͱ࣮ݧͷ஋͕΄΅Ұக
͍ͯ͠Δ఺Ͱ͋Δɽ૬ର࿦తͳิਖ਼ λεF Λಋೖͨ͜͠ͱͰɼB = 15T-30Tͷ࣓৔ґଘੑ
͕આ໌Ͱ͖ͨ͜ͱΛҙຯ͢Δɼ͜ͷ݁Ռ͸ɼ࣮ݧͰ؍ଌ͞ΕΔқಈ౓ͷ࣓৔ґଘੑʹɼ૬
ର࿦ิਖ਼ λεF ͷد༩͕͋ΔՄೳੑΛڧ͍ࣔࠦͯ͘͠Δɽ





































ਤ 5.8: ද 5.4ͷ஋Λ༻͍ͯܭࢉͨ͠ϏεϚεͷ ρD+Qxx ʢB ∥Trigonal࣠ʣɽૠೖਤ͸ɼਤ 5.7
ʹܭࢉ݁ՌΛॏͶͨਤͰ͋Δɽ͓Αͦ 15T-30TͰɼܭࢉ݁Ռͱ࣮ݧ݁Ռ͕ఆྔతʹ΋΄
΅Ұக͍ͯ͠Δɽ




఍߅͕๞࿨͢Δͷ͸ B > 60TͰ͋Γɼ࣮ݧͰ๞࿨͢Δ࣓৔ B ∼ 35ͱ͸ҟͳΔɽ·ͨɼ
࣮ݧͰ͸࣓ؾ఍߅͕Θ͔ͣʹݮগ͠ɼ࠶ͼ஋͕૿Ճ͢Δ༷ࢠ͕ݟΒΕ͓ͯΓɼ͜Ε·Ͱ
ͷٞ࿦Ͱઆ໌͢Δ͜ͱ͕Ͱ͖ͳ͍ɽຊݚڀͰ͸ઌߦݚڀ [14, 134]ͷύϥϝʔλΛ༻͍ͯ
͍Δ͕ɼ[14, 134]ͷύϥϝʔλ͸ B < 30T·Ͱͷ࣮ݧ݁ՌͰϑΟοςΟϯά͞Ε͓ͯΓɼ


























vk [E · vk + eτΩ(E · vk)] ∂f0∂ε dk (6.1)
f0͸೤ฏߧঢ়ଶͷϑΣϧϛ෼෍ؔ਺Ͱ͋Δʢࣜ (2.5)ʣɽࣜ (6.1)ͷୈҰ߲ͱୈೋ߲ΛͦΕ
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B = 0Ͱ͸ɼిྲྀີ౓ j = jaʹͳΔ͜ͱ͔Βɼ͕࣍ࣜಘΒΕΔɽ







































eτXˆZJ · Vˆ −1ZJ · VˆZJ ·E
= eτXˆZJ · Vˆ −1ZJ · j(B = 0). (6.10)




VˆZJ ·E + eτXˆZJ · Vˆ −1ZJ · j
↔ j =
(




1j(B = 0) → j ͷஔ͖׵͑Λߦ͏͜ͱͰɼυϧʔσཧ࿦ͷࣜ (2.144) ʹରԠ͢Δిྲྀີ౓ͷؔ܎ࣜ
ʢࣜ (6.11)ʣΛಘΔ͜ͱ͕Ͱ͖Δɽ
6.1. ϏεϚε 101
ͱͳΔɽj = σˆE͔Βɼ࣓ؾ఻ಋ౓ σˆ(Bˆ)͸
σˆ(Bˆ) =
(









Λɼ1283 ͷখྖҬʹ෼ׂ͢Δɽ؇࿨࣌ؒ τ ͸ τ = 1.0 × 10−12sɼԹ౓ T ͸ T = 50Kͱ
͢Δɽ











͍ͯΔ͜ͱʹ༝དྷ͢ΔɽTrigonal-Binary໘Ͱ࣓৔Λճసͤͨ࣌͞ʢB = B0(sin θ, 0, cos θ)ɼ
θ͸ Trigonal͔࣠Βͷ܏͖֯, B0͸࣓৔ͷେ͖͞Λද͢ʣͷࣜ (6.12)Λৄ͘͠ௐ΂ͨͱ
ද 6.1: ిࢠ (e1)ͱਖ਼޸ͷੵ෼ྖҬɿkbin, kbis, ktri͸ Binary–ɼBisectrix–ɼTrigonal࣠ํ
޲ͷ೾਺ΛϏεϚεͷٯ֨ࢠఆ਺ʢgBi = 1.3861A˚ʣͰن֨Խͨ͠஋Ͱ͋Δ [76]ɽ
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a0 + a1B0 sin θ + a2B20 cos
2 θ
a3 + a4B0 sin θ + a5B20 cos
2 θ
. (6.13)
্ࣜͷ෼ࢠͱ෼฼ʹ B0 sin θ͕͋Δ͜ͱ͔Βɼڧ࣓৔ʹ͓͍ͯ 0◦ ≤ θ < 180◦ ͱ 180◦ ≤
θ < 360Ͱएׯͷҧ͍͕ੜͨ͡ͷͰ͋Δɽ
͜ͷ໰୊Λվળ͢ΔͨΊʹ͸ɼࣜ (6.8)ɼ(6.5)ɼ(6.6)ͷඇର֯੒෼͕θϩͱͳΔඞཁ͕͋









߹ɼରশੑʹͳΒͳ͍ʢਤ 6.5ʣɼ(ii)B = 0.5Tʹ͓͚Δܭࢉ݁Ռʢਤ 6.2(a)-(c)ʣ͸࣮
ݧ݁Ռʹൺ΂஋͕খ͍͞6ͱ͍͏ೋͭͷ໰୊͕࢒͍ͬͯΔɽݪҼͱͯ͠ɼ(A)ܭࢉʹ࢖༻
ͨࣜ͠ (6.12)ɼ(B)؇࿨࣌ؒͷѻ͍ɼͷೋ͕ͭߟ͑ΒΕΔɽ·ͣ (A)ʹ͍ͭͯઆ໌͢Δɽ
ࣜ (6.12)͸ࣜ (6.1)͔Βಋग़ͨ͠ɽࣜ (6.1)͸ Jones–Zenerͷܭࢉʢࣜ (2.163)ʣʹ͍ͭ
ͯɼ࣓৔ͷ 1࣍·ͰͷࣜͰ͋Γɼ࣓৔ͷ 1࣍·Ͱ͔͠ߟྀ͍ͯ͠ͳ͍͜ͱ͕ݪҼͰ (ii)͕
ੜͨ͡Մೳੑ͕͋Δ7ɽͳ͓ɼ࣍અͰ঺հ͢Δࣜ (6.17)ɼ(6.18)ʹΑΔܭࢉͰ (i)ͷ໰୊͸




















6ྫ͑͹ɼਤ 6.2(c)ʹ͓͚Δ B =0.5Tͷܭࢉ݁Ռ͸ɼਤ 6.2(f)ʹൺ΂Ұܻఔ౓খ͍͞ɽ
7·ͨɼJones–Zenerͷܭࢉ͸ɼऑ࣓৔Ͱႈڃ਺ల։ͨࣜ͠ͳͷͰɼݪཧతʹڧ࣓৔Ͱ࢖༻͢Δ͜ͱ͕Ͱ͖
ͳ͍ɽ
8ݫີʹ͸ɼқಈ౓ µʢిࢠʣ, νʢਖ਼޸ʣ͕࣓৔ʹґଘ͢Δ͜ͱΛࣔࠦ͞Ε͍ͯΔɽ͔͠͠ɼµ = eτ/mͱ
Ծఆ͢Δͱɼτ ͕࣓৔ʹґଘ͢Δ͜ͱͰɼқಈ౓͕࣓৔ґଘੑΛ΋ͭɽ
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ਤ 6.3: ਤ 6.2(b)ͷରশੑͷ֬ೝʢB =1Tʣɽʢࠨʣθ = 0◦ – 360◦ʢӈʣθ = 0◦ – 90◦ɽ࣮ઢ
ΛTrigonal࣠ʢॎ࣠ (Bin)ͷ஋͕ 0ͷ௚ઢʣʹରͯ͠൓సͤ͞ΔͱഁઢͷάϥϑʹͳΔɽ
ਤ 6.4: e1ͷ࣠ͱฏߦͳลΛ࣋ͭ௚ํମͷੵ෼ྖҬɿੵ෼͢Δࡍ͸ kX , kY , kZ ͕ੵ෼ม਺
ͱͳΔɽ
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ਤ 6.5: ਤ 6.4ͷੵ෼ྖҬͰ࠶ܭࢉͨ͠ϏεϚεͷ࣓ؾ఍߅ʢTrigonal–Binary໘ɼB = 1Tʣɽ
ʢࠨʣθ = 0◦ – 360◦ʢӈʣθ = 0◦ – 90◦ɽਤ 6.3ʹൺ΂ɼରশੑ͕গ͚ͩ͠վળ͞Εͨɽ












1ˆ− eτBˆ · αˆ−1
)−1 ·E. (6.14)



















































































i ξxiEi + vxvy
∑





i ξxiEi + vyvy
∑





i ξxiEi + vzvy
∑





























)⎛⎜⎝ vxvx vxvy vxvzvyvx vyvy vyvz
vzvx vzvy vzvz
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ͩܗΛ΋ͭϑΣϧϛ໘Ͱ͸ɼٯ༗ޮ࣭ྔςϯιϧ αij = ∂2ε/∂ki∂kj ͕೾਺ʹґଘ͠ɼਖ਼
ෛ྆ํͷ஋ΛͱΔɽ͜ͷ αij ͷ஋ͷมԽʹґଘͯࣜ͠ (6.17)ͷ෼฼෦෼ |1ˆ− eτBˆ · αˆ|͕ਖ਼
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ෛʹมԽͯ͠͠·͍ɼ఻ಋ౓શମͱͯ͠ৼಈ΍ൃࢄ͕ੜ͡Δɽ͜ͷ໰୊Λճආ͢ΔͨΊɼ
Chamber [111]΍ Lifshitz–Azbel–Kosevichi [113]Βͷ “ϑΣϧϛ໘அ໘ͷपғʹԊͬͨي
ಓӡಈ”ͷ֓೦Λಋೖ͠ɼࣜ (6.17)தͷٯ༗ޮ࣭ྔςϯιϧΛ࣍ࣜͷΑ͏ʹஔ͍ͨ
αˆ =




















= −evk · (vk ×B) = 0 (6.20)










Α͏ʹӡಈ͢Δʢε, kz = const.ʣ[150]ɽ
ε, kz ͕อଘ͞ΕΔిࢠͷӡಈ͸ɼ೾਺ۭؒʹ͓͍ͯ౳ΤωϧΪʔ໘ʢε(k) =const.ʣͱ
౳ kz ໘͕࡞Δަઢͷي੻Ͱ͋ΔɽΩϟϦΞ༌ૹͰ͸ɼϑΣϧϛ໘ۙ๣ͷిࢠ͕ओͳ໾ׂ
ΛՌͨ͢͜ͱ͔ΒɼϑΣϧϛ໘ ε = εFͱ౳ kz ໘Ͱ࡞ΔަઢͷيಓʹԊͬͨిࢠͷӡಈΛ
ߟ͑Ε͹Α͍ɽ

















10ࣜ (6.18)Ͱܭࢉ͢Δ৔߹ɼৗʹB = (0, 0, B)ͱͳΔΑ͏ͳ࠲ඪ࣠ͰܭࢉΛߦ͏ʢޙड़ʣɽΑͬͯࣜ (6.17)
Λܭࢉ͢Δͱɼ࣓৔ʹਨ௚ͳର֯੒෼ σxx,yy ͸ σxx,yy ∼ a1/(1 + a2B2)ͱද͞ΕΔɽ
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ਤ 6.6: εFͱ εF + dεʹڬ·ΕͨྖҬ
೾਺ۭؒʹ͓͚Δిࢠͷي੻ͷઢཁૉdl =
√
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ਤ 6.7: ࿈݁ϑΣϧϛ໘ͷஅ໘ʢBinBisฏ໘ʣ
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ਤ 6.11: ࿈݁ϑΣϧϛ໘ͷԣ࣓ؾ఻ಋ౓ σ⊥ ͷ֯౓ґଘੑɿ࣓৔ͷେ͖͞ B= 0.0T (a)ɼ
0.1T (b)ɼ0.5T (c)ɽ࣓৔͸ BinBis໘಺Ͱճస (d)ɽ
ͷํ޲͸ Trigonal࣠ͱฏߦʢJ ∥Tri࣠ʣɼ࣓৔͸ Trigonal࣠ʹਨ௚ͳ໘಺Ͱճసͤ͞Δ
ʢਤ 6.11(d)ʣɽgSb͸ΞϯνϞϯͷٯ֨ࢠఆ਺ gSb = 1.4610A˚Ͱ͋Δ [76]ɽ
ܭࢉ݁ՌΛਤ 6.11ʹࣔ͢ɽB = 0TͰ͸֯౓ґଘੑΛࣔ͞ͳ͍͕ɼ࣓৔ͷ૿Ճʹैͬ
ͯڧ͍֯౓ґଘੑΛࣔ͢ʢਤ 6.11ʣɽ·ͨɼ࣓ؾ఍߅ͷ֯౓ґଘੑ͸ɼ̒ճରশੑΛ࣋
ͪɼφ = 30◦, 90◦, 150◦, 210◦, 270◦, 350◦ Ͱ࠷େ஋ΛͱΔɽ͜Ε͸ɼ࿈݁ϑΣϧϛ໘ͷ
ରশੑ͕൓ө͞Ε͍ͯΔɽ࿈݁ϑΣϧϛ໘͸ Trigonal࣠ʹର͠ɼ̏ճରশੑ (C3)Λ࣋ͭ
ʢਤ 6.11(d)ʣɽ࣓৔ʹରͯ͠ਨ௚ͳϑΣϧϛ໘ͷஅ໘͸ɼ+B ͱ −B Ͱಉ͡Ͱ͋Δ͔Βɼ




























































)− (Ky ± 3
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)− (Ky ± 3
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ͨͩ͠ɼεSb = !2g2Sb/me ∼ 16.26eVͰ͋Δɽ
ࣜ (6.31)ʙ(6.33)ͷ໛ܕ͔ΒಘΒΕΔ࣓ؾ఻ಋ౓͸ɼ࿈݁ϑΣϧϛ໘ͱಉ̒͡ճରশͷ
֯౓ґଘੑΛࣔ͢ʢਤ 6.13(a)ʣɽ͔͠͠ɼ࿈݁ϑΣϧϛ໘ͱҟͳΓɼ࣓ؾ఻ಋ౓ͷେ͖
͞͸ φ = 0◦, 60◦, 120◦, 180◦, 240◦, 300◦Ͱ࠷େͱͳΔɽ࿈݁ϑΣϧϛ໘ͱ̒ପԁମ໛ܕ
ͷ࣓ؾ఻ಋ౓ʹ͓͚Δ֯౓ґଘੑͷҧ͍͸ɼ࣍ͷΑ͏ʹཧղ͢Δ͜ͱ͕Ͱ͖ΔɽBinary,
Bisectrix, Trigonalํ޲ʹର͢Δқಈ౓ͷฏۉΛͦΕͧΕ µbin, µbis, µtriͱ͢Δɽқಈ౓ς
ϯιϧͷඇର֯੒෼͸ର֯੒෼ʹൺ΂े෼খ͍͞ͱͯ͠ߟ͑Δͱɼԣ࣓ؾ఻ಋ౓ σ⊥͸࣍
ࣜͰۙࣅ͢Δ͜ͱ͕Ͱ͖Δɽ
σ⊥(B//Bin) ∼ µtri1 + µbisµtriB2 (6.34)
σ⊥(B//Bis) ∼ µtri1 + µbinµtriB2 (6.35)
̒ପԁମ໛໛ܕͷ P1,4ʹ஫໨͢Δʢࣜ (6.13)ʣɽP1,4͸ Bisectrixํ޲ʹ৳ͼ͍ͯΔͷͰɼ
µbis < µbinͰ͋Δ14ɽ͜ͷͱ͖ɼσ⊥(B ∥ Bin) > σ⊥(B ∥ Bis)ͱͳΔɽҰํͰɼ࿈݁ϑΣ
ϧϛ໘Λ̒ͭͷପԁମͷ࿨ͰͰ͖͍ͯΔͱߟ͑Δʢਤ 6.14ʣɽਤ 6.14ͷ h1ͱ h2ʹ஫໨
13ࣜ (6.31)-(6.33)͸ɼਤ 6.12ͷϑΣϧϛ໘Λ࡞ΔͨΊʹ༻͍ͨࣜͰ͋Γɼಛʹ෺ཧతͳҙຯ͕͋ΔΘ͚Ͱ
͸ͳ͍ɽ
14Bisectrixํ޲ʹ৳ͼ͍ͯΔͱ͍͏͜ͱ͸ɼ༗ޮ࣭ྔmbis > mbin Ͱ͋Δɽµ = eτ/mͱ͢Δͱɼ༗ޮ࣭
ྔͷେখؔ܎͕൓స͢ΔͷͰɼµbis < µbin ͱͳΔɽ
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ਤ 6.12: ̒ପԁମ໛ܕɿ࿈݁ϑΣϧϛ໘ͱൺֱ͢ΔͨΊɼପԁମͷ܏͖͸࿈݁ϑΣϧϛ໘
ʢਤ 1.3ʣͷಥىͷํ޲ͱಉ͡ʹͨ͠ɽ
ਤ 6.13: ̒ପԁମ໛ܕʹ͓͚Δ࣓ؾ఻ಋ౓֯౓ґଘੑɿ(a)ԣ࣓ؾ఻ಋ౓ σ⊥ (b)̒ପԁ໛
ܕͱ࣓৔ͷؔ܎ɽ࿈݁ϑΣϧϛ໘ͱ͸ҟͳΓɼφ = 0◦, 60◦, 120◦, 180◦, 240◦, 300◦Ͱ࠷େ
஋Λ࣋ͭɽB= 1Tɼ؇࿨࣌ؒ τ = 1.0× 10−12sɽ
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ਤ 6.14: ࿈݁ϑΣϧϛ໘ͷ෼ղɿ࿈݁ϑΣϧϛ໘͸ h1-h6ͷ







6.2.5 ࿈݁ϑΣϧϛ໘ͱ̒ପԁମ໛ܕͷ de Haas–van Alphenৼಈ
લઅͰߦͳͬͨϑΣϧϛ໘அ໘ੵͷܭࢉΛԠ༻͢Δ͜ͱͰɼde Haas–van Alphenৼಈ
ʢdHvAʣͷ֯౓ґଘੑΛཧ࿦తʹܭࢉ͢Δ͜ͱ͕ՄೳͱͳͬͨɽຊઅͰ͸ɼεF = 30meV









p · dr = 2π!(l + θ) (6.37)
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ਤ 6.15: εF = 30meVͷ࿈݁ϑΣϧϛ໘
͕దԠՄೳͰ͋Δɽดͨ͡ϑΣϧϛ໘ͷ৔߹ɼθ͸ 0 < θ < 1Λຬ࣮ͨ͢਺Ͱ͋Δ [150]ɽ15
࣓৔தిࢠ (ిՙ q = −e)ͷਖ਼४ڞ໾ͳӡಈྔπ = !k− eAͱيಓӡಈͷҐஔ࠲ඪ r = r′c
Λ༻͍Δͱࣜ (6.37)ͷࠨล͸∮
(!k − eA) · dr′c =
∮





!k · dr′c − e
∫
S
(∇×A) · dS (6.38)
ͱͳΔɽS͸࣮ۭؒʹ͓͚Δిࢠͷيಓ͕ғΉ໘Ͱ͋ΓɼdS͸يಓ rcΛؚΉ໘ʹਨ௚ͳ











ͱͳΔ16ɽ࠲ඪΛR = rc + rH ͷΑ͏ʹ࣓৔ʹਨ௚ͳيಓӡಈͷϕΫτϧ rcͱɼ࣓৔ʹ
ฏߦͳํ޲ͷϕΫτϧ rH Ͱදݱ͢ΔɽrH × dr͸࣓৔ϕΫτϧʹରͯ͠ৗʹਨ௚ʹͳΔ




ͷͰɼrH ͷ߲͸θϩʹͳΔʢB · (rH × dr′c) = 0ʣɽ rcͷ߲͸ɼ࣮ۭؒͷيಓ rcͰғ·
ΕΔ໘ͷ໘ੵ αΛ༻͍ΔͱɼB · ∮ rc× dr′c = 2BαͱͳΔ17ɽࣜ (6.38)ͷୈೋ߲Λܭࢉ͢
Δͱ eBαͱͳΔ͔Βɼࣜ (6.38)͸
eBα = 2π!(l + θ) (6.40)
ͱͳΔɽ࣮ۭؒʹ͓͍ͯిࢠͷيಓͰғ·ΕͨྖҬͷ໘ੵ αͱ೾਺ۭؒͷيಓͰғ·Εͨ
ྖҬͷ໘ੵ a͸ α = (!/eB)2aͷؔ܎ʹ͋ΔͷͰɼࣜ (6.40)͔Βɼ
a(ε, kH) =
2πeB




















ͱͳΔɽ∆(1/B)ͷٯ਺Λৼಈ਺ F = (∆(1/B))−1ͱఆٛ͢Δͱ [156]






ࣜ (6.43)͔ΒɼεF = 30meVͱͨ͠࿈݁ϑΣϧϛ໘ʢਤ 6.15ʣͷ dHvA֯౓ґଘੑΛ
ௐ΂Δɽ࿈݁ϑΣϧϛ໘ͷ dHvA֯౓ґଘੑΛܭࢉ͢ΔͨΊʹɼT఺த৺ʹ±0.26gSbͷ
ཱํମྖҬͷཱํମྖҬΛ࡞Δɽ࣓৔ͷճసͱͱ΋ʹཱํମྖҬΛ܏͚ͳ͕Βɼ࣓৔ํ޲






cy, 0)ͱ͢Δͱɼ∣∣∣∣∮ rc × dr′c∣∣∣∣ = ∮ (rcxdr′cy − rcydr′cx)
ͱͳΔɽάϦʔϯͷఆཧΛ༻্͍ͯࣜΛܭࢉ͢Δͱɼ௚ͪʹ 2α͕ಘΒΕΔɽ
18∆(1/B)ΛपظͱݺͿ͜ͱ͔ΒɼF ͸ৼಈ਺ͱݺ͹Ε͍ͯΔɽͨͩ͠ɼ୯Ґ͸ςεϥ (T)Ͱ͋Δɽ
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ਤ 6.16: ϑΣϧϛ໘அ໘ͱঢ়ଶີ౓ͷؔ܎ɿ (a)ඇۃ஋அ໘ʢbʣۃ஋அ໘ɿඇۃ஋அ໘
ۙ๣Ͱ͸ kz ʹର͢Δ εFͷมԽ͕େ͖͘ɼঢ়ଶີ౓͕খ͘͞ͳΔ (a)ɼҰํͰɼۃ஋அ໘
ۙ๣Ͱ͸ kz ͷมԽʹରͯ͠ εͷมԽ͸খ͍͜͞ͱ͔Βɼঢ়ଶີ౓͕େ͖͘ͳΔ (b)ɽ
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ʹਨ௚ͳஅ໘Λܭࢉͨ͠ɽ࣓৔ʹਨ௚ͳฏ໘಺ʹ͓͚Δ೾਺ͷࠁΈ͸ “256×256”ɼ࣓৔ʹ
ฏߦͳํ޲ͷ೾਺ͷࠁΈ͸ “128”ͱͨ͠ʢҎޙ͸ɼ࣓৔ʹਨ௚ͳฏ໘Λ xyฏ໘ʢkxky ฏ
໘ʣɼ࣓৔ʹฏߦͳํ޲Λ zํ޲ʢkz ํ޲ʣͱݺͿʣɼ
࿈݁ϑΣϧϛ໘ʢਤ 6.15ʣʹ͓͚Δ dHvA֯౓ґଘੑΛΈΔͱɼTrigonal࣠ͱฏߦͳ
࣓৔Ͱ͸ɼೋͭͷप೾਺ F ∼ 23, 50TΛࣔ͢ʢਤ 6.17(a),(b)ʣɽF ∼ 23T͸ɼT఺ΛؚΉ
໘಺ʢkz=0ʣͰϑΣϧϛ໘Λ੾ͬͨஅ໘͔ΒಘΒΕΔप೾਺ʢਤ 6.18(a)ʣɼF ∼ 50T͸
kz = ±0.0365gSbͷஅ໘͔ΒಘΒΕΔप೾਺Ͱ͋Δʢਤ 6.18(b),(c)ʣɽTrigonal͔࣠Β࣓
৔Λ܏͚Δͱ F ∼ 23, 50Tͷप೾਺͸ͦΕͧΕɼα,β, γ, δͷ࢛ͭͷࢬʹ෼ذ͢Δɽαͱ β
ʹ෼ذ͢Δͷ͸ɼਤ 6.18(b),(c)ͷϑΣϧϛ໘ͷஅ໘ 1,3ͱɼஅ໘ 2͕࣓৔Λ܏͚ͨ࣌ʹɼ
ҟͳΔஅ໘ʹͳΔ͔Βͩɽγͱ δʹ෼ذ͢Δͷ͸ɼਤ 6.18(a)ͷϑΣϧϛ໘ͷஅ໘ 2-5ͱɼ
அ໘ 1,6͕࣓৔Λ܏͚ͨࡍʹҟͳΔஅ໘ʹͳΔ͔ΒͰ͋Δɽαͱ γ͕΄΅ฏߦͳۂઢͰ͋
Γɼβͱ δ΋΄΅ฏߦͳۂઢͱͳ͍ͬͯΔɽ
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ਤ 6.17: (a)εF = 30meVʹ͓͚Δ࿈݁ϑΣϧϛ໘ͷ dHvA֯౓ґଘੑʢbʣ࣓৔ͷճసͱ
࿈݁ϑΣϧϛ໘ͷؔ܎
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ਖ਼ λεF = ∆/εF ͸ɼఆੑతʹ͸ࣗ༝ిࢠͷ࣓ؾ఍߅ΛมԽͤ͞ͳ͍͕ɼఆྔతʹࣗ༝ి
ࢠͷ࣓ؾ఍߅ΛมԽͤ͞Δ͜ͱ͕Θ͔ͬͨɽσΟϥοΫిࢠͷ࣓ؾ఍߅ͷ࣮ݧσʔλΛࣗ









B = 15 ∼ 30Tͷ࣓ؾ఍߅ͷ;Δ·͍Λఆྔతʹઆ໌͢Δ͜ͱ͕Ͱ͖ͨɽ͜ͷ݁Ռ͸͜Ε·
Ͱ໌Β͔ͱͳ͍ͬͯͳ͔ͬͨɼϏεϚεͷྔࢠۃݶʹ͓͚Δқಈ౓ͷ࣓৔ґଘੑͷݪҼ͕















































































ਤ A.3: ࣗ༝ిࢠͷϘϧπϚϯཧ࿦ʹجͮ͘ϏεϚεͷ࣓ؾ఍߅ɽB > 2TͰɼཧ࿦஋ʢࢵʣ
͕࣮ݧ݁Ռʢ੺ʣʹൺ΂ͯఆྔతʹେ͖͍ɽ





























































͜͜Ͱɼࣜ (B.1)தͷ෺ཧྔʹ͍ͭͯ୯ҐΛߟྀ͢Δɽྫ͑͹ɼβ0 = 0.1158(meV/T)Ͱ͋
Δ͜ͱ͔Βɼβ0 = β˜0(meV/T)ͱදه͢Δʢβ˜0 = 0.1158Ͱɼ਺஋Λද͢ʣɽಉ༷ʹɼόϯυ























ͱͳΔʢβ˜∗0 = β˜0/∆ɼk˜2z = !2k2z/me∆ʣɽ্͔ࣜΒࣜ (B.1)͸ɼ
ε˜ =





















֤ཁૉʢF ,A, NLʣΛແ࣍ݩԽ͢Δɽແ࣍ݩԽ͞ΕͨྔΛ F˜ , A˜, N˜Lͱ͢Δͱɼࣜ (2.70)ɼ
(4.27)ɼ(2.87)͔Β
F(!ω) = ∆−1F˜(ω˜) (B.5)



























































1f2, f3, f4 ʹ͍ͭͯ͸ɼf1 ͱಉ༷ͷखॱͰແ࣍ݩԽͰ͖ΔͷͰ͜͜Ͱ͸ׂѪ͢Δɽ
2ࣜ (B.5)-(B.7)ͷಋग़Ͱɼε˜ = ε/∆ͷଞʹɼω˜ = !ω/∆, ω˜c = !ωc/∆, N˜L = m˜cω˜c/2πɼΓ/∆ = Γ˜Λ༻
͍͍ͯΔɽ






































































Ͱ͋Δɽిؾૉྔ eɼσΟϥοΫఆ਺ !ɼిࢠͷ੩ࢭ࣭ྔmeɼ1meV = 1.602×10−22JΛ




͸ٯ֨ࢠ gͷఆ਺ഒΛ༻͍Δ͜ͱ͔Βɼk = gk˜ͱද͢͜ͱ͕Ͱ͖Δɽ·ͨɼΤωϧΪʔ ε
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exp ((ε− εF)/kBT )






exp ((ε− εF)/kBT )
























dk = g3dk˜. (B.18)
ిؾૉྔ e = e˜×10−19(C)ɼ࣓৔B = B˜(T)ɼ؇࿨࣌ؒ τ = τ˜×10−x(s)ͱ͓͘ͱɼࣜ (B.17)
͔Βɼ1ˆ− eτBˆαˆ͸






























ͱͳΔɽ্͔ࣜΒɼൺྫఆ਺ σ0 = (e˜3/!˜2k˜B)× 1024−x(Ωcm)−1ͱͳΔɽ
dHvAͷৼಈ਺ F ͷແ࣍ݩԽ
ৼಈ਺ F ʹ͍ͭͯແ࣍ݩԽΛߦ͏ɼ೾਺ۭؒʹ͓͚Δஅ໘ੵ S ͸ɼ෺࣭ͷٯ֨ࢠͷେ








ϑΣϧϛ໘ͷ಺ଆʹ͋Δ֨ࢠ఺ͷ਺N ͱࠁΈ෯∆k˜iΛ༻͍ͯɼS˜ext. = ∆k˜x∆k˜yN ͱද͞
ΕΔɽ
4! = !˜ × 10−34(Js) = 1.05457, kB = k˜B × 10−5(eV/K) = 8.6173ʢ!˜ = 1.05457, k˜B = 8.6173ʣɼ
g = g˜(A˚
−1
) = g˜ × 1010(m−1)ɼ(eV)=e˜× 10−18(J)ɽ
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ε 3ͰܭࢉྖҬͷ୺ͱ઀͢Δ։͍ͨྖҬΛϥϕϦϯά͠ʢਤ C.2(b)ʣɼϓϩηε 4ͰϑΣ
ϧϛ໘֎ͷดͨ͡ྖҬͷϥϕϦϯάͱ֨ࢠ఺ͷΧ΢ϯτΛߦ͏ʢਤ C.2(c)ʣɽϓϩηε 3

















136 ෇ ࿥ C de Haas–van Alphen ৼಈͷܭࢉΞϧΰϦζϜ





ਤ C.2: ਤ C.1ͷϓϩηε 2ʙ4ʹ͓͚ΔྖҬͷ෼ྨɽϓϩηε 2Ͱ͸ɼϑΣϧϛ໘ͷ಺
ଆʢ؀ͷ෦෼ʣ͕ϥϕϦϯά͞ΕΔʢ(a)ͷྖҬ 1ʣɽϓϩηε 3ͰܭࢉྖҬͷ୺ʹ઀͢Δ
ྖҬΛృΓͭͿ͢ʢ(b)ͷྖҬ-1ʣɽϓϩηε 4ͰྖҬ 1ʹғ·Εͨ෦෼ΛϥϕϦϯά͢Δ
ʢྖҬ 2ʣɽத৺ʹରͯ͠ྖҬ 1ͷ֎ଆΛपճ͢Δిࢠʢਖ਼޸ʣͷৼಈ͸ྖҬ 1ͱ 2ͷஅ໘
ੵͷ࿨͔ΒಘΒΕΔɽ·ͨɼྖҬ 1ͷ಺ଆΛपճ͢Δਖ਼޸ͷৼಈ͸ɼྖҬ 2ͷஅ໘ੵΛ༻
͍ͯܭࢉ͢Δɽ
ਤ C.3: ελοΫͷ֓ཁɽϓογϡ(push)Ͱ 7൪ͷσʔλͷ্ʹɼ8൪ͷσʔλ͕ੵΈॏ
ͶΒΕɼϙοϓΞοϓͰ 8൪ͷσʔλΛऔಘ͠ɼ7൪ͷσʔλ͕࠶ͼར༻ՄೳʹͳΔɽ
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